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PREFACE TO THIRD EDITION 


The present revision includes the following additions 
and changes: Minor insertions have been made in the 
chapters upon the Flow of Fluids, the Gas Engine Cycles, 
and the Non-conducting Steam Engine. The chapter 
on Refrigeration and the Warming Engine has been ex¬ 
panded into separate chapters upon each subject. A 
special chapter has been added upon Entropy Analysis 
in the Boilcu- Room. The Tables upon the Efficiency, 
Water and Heat Consumption of the Rankine Cycle 
have been extended to cover the range of low-pressure 
turbines as well as high-pressure reciprocating engines. 
All illustrative problems have been recalculated to 
agree with the most recent and accurate data upon 
steam. The second and third editions of this book 
have so extended its scope that it is now a treatise 
upon graphical thermodynamics although still abiding 
by the limitations imposed by its title. 

Charles W. Berry. 


Massachusetts Institute of Technology, 
January, 1911. 
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PREFACE TO SECOND EDITION. 


In the revised edition of the Temperature-Entropy 
Diagram a more extended application of the principles 
of the T^-analysis to advanced problems of thermo¬ 
dynamics has been made than was possible in the 
limited scope of the previous edition. The Chapter 
on the Flow of Fluids has been entirely rewritten and 
treats at length various irreversible processes. j\. 
graphical method of projecting from the pv- into 
the T^-plane has been elaborated for perfect gases 
and its application illustrated in the chapters on 
Hot-air Engines and Gas-engines. The various factor’s 
affecting the cylinder efficiency of both gas- and 
steam-engines have been thoroughly discussed. OiitJ 
chapter has been devoted to the thermodynamics of 
mixtures of gases and vapors, and another to the 
description and use of Mollier’s total energy-entropy 
diagram. 

Chaiiles W. Bekrt. 

Massachusetts Institute of Technology, 

October, 1908. iv 
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INTRODUCTION. 


It wm'tuh iK'PC'ssary in a book dealing with the appli¬ 
cation of fh(^ tc'inpcratunvcntropy diagram to discuss 
briefly that “ghostly (piantity,” entropy, although I 
do not. intc'nd to give any new definition of a function 
already too variously dcdlued, but rather to pick out 
such of tlu' i»r('sent oiu^s as an^ correct. 

()iH‘ lias but. to plot an irreversible adiabatic process 
in tlie temjK'rature-entropy plane to realize once and 
for all that tlu' ('utropy does not necessarily remain 
constant along an adiabatic lino. In fact isentropic 
an<l aiUabatic changi'S coincide only when the latter 
proce.ss is n'vc'rsibku and such a change practically 
never occurs in natunn For example, in one irrevers¬ 
ible adiabatic, (‘xpaiusion n'jiresc'iiting the flow through 
a non-conducting porous plug, the heat added is zero, 

/ "f/O ^ ^ 

'Y .« 0, but nevertheless the entropy of 

the substance incrc'ases. It is even possible to imagine 
an irreversible process which is at the same time isen¬ 
tropic. Suppose a gas to expand through a nozzle 

ix 
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losing heat by radiation and conduction and also 
undergoing friction losses whereby part of its kinetic 
energy is dissipated and restored to the gas as heat. 
The loss of heat by radiation and conduction will re¬ 
duce the entropy of the gas, while the gain of heat by 
friction will increase it. It is possible to consider 
these two opposing influences as equal, and then the 
flow will be isentropic although not adiabatic. 

The entropy of a substance, just as much as its 
intrinsic energy, specific volume, specific pressure, or 
temperature, has a definite value for each position of 
the state point upon the characteristic surface, and 
the increase in the value of the entropy in changing 
from one point to another is a definite quantity regard¬ 
less of the path chosen. The magnitude of this increase 

is equal to / y, taken along any reversible path 

between these points. This fact has led to the inexact 

definition of change of entropy, = a definition 

true only for ideal reversible processes and hence 
utterly wrong when applied to actual irreversible pro¬ 
cesses, as in general >-^- 

Since for reversible cycles d(j> = -^, it follows that 
the heat added during any reversible change is equal 
to Q = /: Td({>, and for an isothermal process 
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This is undoubtedly the basis for all 
the physical analogi(‘s attempting to explain entropy 
as heat-\v(‘ight, and also for the nameheat 

diagram” ai)pra‘d to tlu' tcanpcTatureMmtropy diagram. 
The anal under a curve in the 2h/)--plan(‘ is ecpial to 
the hcait naanved from, or rejected to, some outside 
body only wlum the process is reversibha 

Similarly if thc^ specific prc^ssure and spc'cific volume 
of a gas could be ascertaincal at various points in its 
passages through a porous plug, tlu^se points if plotted 
woultl form a ptMuirve giving a true history of the 
movement of the states but the area undcT the 

curv(! would not rc'pn^sent work, as no externrl work 
has been p(U*form(Ml. 

Prt'Hton in his Theory of Heat says: ^^The (Uitropy 
of a body being lakcm arbitrarily as 7.ero in soine stand¬ 
ard (condition /I, dc^fmcal by some standard temperature 
and pressure (or volume), tlie entropy in any other 


state* li is the value of 


/ 


'(IQ 

Y 


taken along any rcvoraible 


path by which the ])0(ly may be brouglit to B from the 
standard state A. The path may obviously be an arc 
A(I of an* isothermal line pjisHing through the point 
defining the standard state, together with the arc BC of 
the adiabatic line passing through B. The entropy in 
the state B may conscHiucntly be mcasun'.d thus. Let 
the volume be changed a<liabatically ” (reversible 
process) “until the standard temperature T is attained, 
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and then change the volume isothermally until the 
standard pressure is attained. If the quantity of heat 



imparted during the latter operation be Q, the entropy 

Q 

in the state B is = Y 

“ In this operation the temperature and pressure are 
supposed tmiform throughout the body. ... If, how¬ 
ever, any body be subject to operations which produce 
inequalities of temperature in the mass, there will 
be a transference of heat from the warmer to the colder 
parts by conduction and radiation, and although the 
body may neither receive heat from nor give it out to 
other bodies (so that the transformation is adiabatic 
throughout), yet on account of the inequalities of tem¬ 
perature, the entropy of the mass will increase, . . . 
and under these circumstances the transformation will 
not be isentropic.” 

Swinburne in his Entropy says: “Entropy may be 
defined thus: Increase of entropy is a quantity which 
when multiplied by the lowest available temperature 
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gives the ituna-rt'd waste. In other words, the increase of 
(‘iitropy nailtiplied by the lowest temperature available 
gives the enc'rgy that. ('itluT has Ix'cu already irrevocably 
degradi'd into lieat iluriiig tlx*, change in (question, or 
must, at least, be degradc'd into Ix'at in bringing the 
working substuiua' back to the standard state. , . . 

“Tims the entropy of the body in state B is not a 
function of th(‘ heat actually taken in during its change 
from A \o B, as the change must have been partially, 
and may lum^ been wholly, irnwersible; lait it can be 
measured sis a function of the heat which would have 
to be tak(‘n in to change from A to B revensibly, or 
which W(aild have to be giv<m out if the substaiua' wer(^ 
changt'd from U to A revansibly, which amounts to 
the same tliing. . . . 

‘‘The i‘ntr(»py of a body therefore dc'pends only on the 
state, and not on its past history.’' 

I’lanck in his TmiliNe m ThtTmodynmnica writes 
(set^ Knglish translation by Ogg): 

“A pna-esH which can in no way be comph'tcdy 
n'VcTsed is termed irrmr-AMc, all other processes rc- 
rer.vfWc. That a process may be irrev('rsibl(‘, it is not 
suflicient that it cannot be directly nwt'rsc'd. This 
is tlu* cjist' with many mc'clianicul processes which are 
not irrev(‘rsihle. The full rt'ijuin'ment is, that it bo 
impossible, even with the asskstance of all agents in 
nature, to resdon* evt'rywhere tlu' exact initial state 
when the process has once taken place. . . . The gen- 
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eration of heat by friction, the expansion of a gas 
without the performance of external work, and the 
absorption of external heat, the conduction of heat, 
etc., are irreversible processes. 

Since there exists in nature no process entirely 
free from friction or heat-conduction, all processes 
which actually take place in nature, if the second 
law be correct, are in reality irreversible; reversible 
processes form only an ideal limiting case. They are, 
however, of considerable importance for theoretical 
demonstration and for application to states of equilib¬ 
rium. 

a homogeneous body he taken through a series 
of states of equilibrium, that follow continuously from 
one another, hack to its initial state, then the summation 

of the differential extending over all the states 

of that process gives the value zero. It follows that, if 
the process be not continued until the initial state, 1, 
is again reached, but be stopped at a certain state, 2, 

, , . 1 ndE-^pdv / ^ 

the value of the summation ^- depends 

only on the states 1 and 2, not on the manner of the 
transformation from state 1 to state 2. . . . 

'^The (above) integral . . . has been called by 
Clausius the entropy of the body in state 2, referred 
to state 1 as the zero state. The entropy of a body in 
a given state, like the internal energy, is completely 
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deterniineHl up to an additive constant, whose value 
depends on the zero state. 

''It is impossible in any way to diminish the entropy 
of a system of bodies without thereby leaving behind 
changes in other bodies. If, therefore, a system of 
bodies has changed its state in a physical or chemical 
way, without leaving any change in bodies not belong¬ 
ing to the system, then the^entropy in the final state 
is greater than, or, in the limit, equal to the entropy 
in the initial state. The limiting case corresponds to 
reversible, all others to irreversible, processes. 

^^THe restriction . . that no changes must remain 
in bodies outside the system is easily dispensed with by 
including in the system all bodies that may be affected 
in any way by the process considered. The proposition 
then becomes: 

" Every physical or chemical process in nature takes 
place in such a way as to increase the sum of the entropies 
of all the bodies taking any part in the process. In the 
Uniitf i.e. for reversible processes^ the sum of the entropies 
remains unchanged. This is the most general state¬ 
ment of the second law of Thermodynamics.'^' 




SYMBOLS USIO) IN TllK FOLLOWING PAGES. 


A “ j - ‘Heat, (Miuivalcait of a unit of work. 

Apti (M|uival(‘nt, of llie oxiernal work of va,])orization. 

r i l(‘n(‘ral (‘xprc^asion for I h{‘ spoc'ilk* luxii. during any chanp;e. 
Cp Spta'ifio. luait. a.t const.ajit pressnnx 
Cj, Sp(‘(!i(i{* luvat a,t constant volume. 

J ('luin^ti of . .. 

Internal (intrinsic) (Mi(‘r^y in work units—N + /. 
rj 'riuM’inal (‘(licicni'y of an (m^ine. 

F An‘a {Fl(tch(‘). 

(/ WVi^hi- {(IfirtrfiO, 

(j Accdcralion (lu<‘ to ^ra.vil.y. 

II I’olal heat. ahov(‘ sonu' arbitrary z(To, ---qj g + xr, A, 
A I “/). 

ii Sp(‘eili(‘. lu'at. of dry saiuraAtal vapor. 

I Inl(‘rnal (‘lun’gy due to s(^{)a,ration of inokauilcs. 
i --Total (‘lU'ray }>r) // 1 

k * for a, perhs't |»:a,s. 

A Total htvit of dry saturated vapor -g hr, 
n Lvponent of ili<‘ polytropic chanjj;c 
p Spe(ulie pnsssunu 
</> (kau'rai (‘xpresssion for erntropy. 

Q I!(‘at. n‘ceiv('d from or (‘xha.ust.c‘d to some outside body. 
H(‘a,t of (luMi(}Uitl, 

/f for a peu’leet gas. 

r-Total latent heat of vaporization-P+Apw. 





SYMBOLS USED IN THE FOLLOWING PAGES, 


^ = Internal latent heat of vaporization. 


= Entropy of vaporization. 


= Internal energy due to vibration of molecules. 

=Specific volume of a dry saturated vapor. 

=Specific volume of a liquid. 

=Temperature in degrees absolute, Fahrenheit or Centi¬ 
grade. 

=Temperature in degrees Fahrenheit or Centigrade. 

=Temperature of superheated vapor. 

= Entropy of the liquid = J 


= Increase of volume due to vaporization =s — <7. 

= General value of specific volumeter, + $, etc. 

=Velocity in linear units per second. 



=‘Vyork performed by or upon a substance, 
a: = Quality of a unit weight of a mixture of a liquid and its 
vapor. 
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OTIAPTEr!, I. 

GKNKHAL DIvSCUSvSroN. RMVKRSTBLK PROCESSES AND 
CY(MJ0S. Kh'VKCT OK lUREVERSIBlJJTY. 

PiiK (‘ondition of a sul;sla!H‘(‘ is in f2;(nHTa] (‘()ni))lotely 
(hdiiK^d by any two of its Iiv(' (‘haracE'rislic ])r<)i>(Tlios, 
s{)(a‘i[i(^ ])n\ssur(\ s|K‘cili(‘. \'()lum(\ al)solul(‘ l(*rnj)(‘ratur(y 
intrinsic*, (aH*rj^;y, and (‘idropy. PIic' reflations (^xistin^:!; 
l)(‘t.\v('(‘n any ihn*(f of th(\s(f (ji;aliti<\s Ixfin^’ (fxprc'ssed 
))y the formula, .r /(.r, ;//). Exocfptions to t.his ooctir 
in lli(f (‘as(f of saturatcMl vajiors, \vh(frc s]K‘ci(ic prc'ssiirc 
and t(*nip(fratur<f alone* do not. sullicfc* t-o d(*fin(' com- 
pl(‘t(*ly tin* state* of the* body, and iti the* ease of per- 
f(‘(‘t ^as(*s, \vlu*r(^ isodynainic*. and isoih(‘rmal clianges 
coincide*. 

In tlie^ analytical solution of th(*rni()dynaniic proldems 
tliose^ fonnula* an* used whic'h contain the properties 
most, important for the invesiif>;ation in hand. 
Similarly in graphical solutions any pan* of character- 
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istics may In' uainl as coordiiiah's as {‘oiivcaruad and 
Iluai tlu' curvets, y /(.r), (‘X{)n‘ssin‘>; tli(‘ ri'lations 
lH‘t\V(‘en lh(‘ various cliaracli'risiirs drawn in this 
xy-\)hiu\ assuiiK' diUVroiit forms a(’<x>rdin^ to t,h(. 
laws of variation of th<' liv<‘ \‘arial)l<‘S p, i\ 7\ E, and (/;. 

'rii{‘ pn‘ssiin‘”“Volum(‘ dia^’ram, or /a'olia<j:ram, is tho 
ono m(»st wid(‘ly us(‘d, as ifs oo(»rdinal(\s ar(‘ thos(^ 
(‘ommou \o (wory-day (‘Xii(‘rionc<\ Iml for staiu^ inv(‘sti~ 
|z;ations of lu^at-transhaHaa'c, chanp^s of lomp(‘ratuny 
<dian^(*s of (aitropy, (ht* tmipcrat unMait ropy 

diaf!:ranp or tla^ 7h/»-dia^ranu hauls moro n*ady assist- 
ancix 

As a constuiiuauM^ of tlu* fundainonfal ri'lntion 
^ !l)> Any (*iir\'(^ » /jun in tlu* /u'-plaiio has its 

(amnt(*rpart «/> /-d/d in tlu* 7’<;) plane*; both ht'in^ hut 

speu'ial proj(‘('tions <»f tlu* sanu* chanp^t* on tlu' <‘liara<‘- 
t(*risti(* surrac‘<*. 

In tlu* following a. discussion will he* givt*u of (lu* 
diff(‘rcut forms assunu‘d by the curve* /‘7d, in tlu* 
ease* of p(‘rfcct gas(*s, sat urate‘d ste‘auu aiul supe‘rlu‘at(*<l 
st(‘am un<h*r the* i’eaulitions e^f (‘onstant te‘mp(‘ratun*, 
ceinstant entropy^ constant, pressure*, <*e)nstaid volume*, 
constant, intrinsic e'ne‘rg\y (*tt*., aiul aisee a cotisieh'ra- 
tion eef the inte*rpre*tutioti to be* give'u to the* are‘as 
inclu<l(‘d b(*t\v(M*n any giv(*n curve* aiul the* axis, te)^e‘tlu‘r 
with ceniain otlu*r intcn‘sti!i^ «!e*tails. 

If 0</i and ()T (!''ig. 1) re‘pn‘scn! flu* axis (ef (*nlropy 
anel te‘mpe*ratun* rcspc<*tiv<*ly, any isotlu‘rmal change*, 
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as at the temperature will be represented by a hori¬ 
zontal line ab, and similarly any isentropic change 
(or adiabatic in the case of a reversible process) will 
be represented by a vertical line, as cd. The forms of 
the curves for constant pressure, etc., will vary with 



the state of the substance and will be investigated 
for each special case. 

Let AB represent any reversible process and let c 
be the specific heat of the substance durmg this change. 
In order to increase the temperature of a unit weight 
of the substance by the amount dT there wdll be neces¬ 
sary the expenditure of the heat dQ=cdT, But for 
a reversible cycle there exists the further relation 

d(j> or dQ = Td(f>j and therefore 


dQ=cdT -==Td4>f 


or 


Q- 


rT2 r4>2 

cdT= I 

JTx J^i 


Td4>. 


• . (1) 
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Now / Tthfi roprcsonts tho uroa iiicludi'd Ix-hvoou 

tlio curve AB and its projection upon (he </)-axi,s. 
IIenc(' llic licitl U(r('s!iarj/ lo produce (uuj rcvcm’blc rluiiige 
is rcprrscnicd by the urea under the eurre in the T<J>-pl(t)ie. 

Tlic diflen'iilial form of ccpiation (1) h-ads at once 
to the (‘xprt'sslon 


(iT 


. . ( 2 ) 


At any point n of th<' curvo -•!/>* draw tlu‘ 

■;//// and conslnud. tli(‘ i!dinit(‘sinial d/dfp. 

Tluai from similar lrian|i;l(‘s 

mr : T 

or nir 


(I} : (IT, 


' ilT ’ 


i.(a, if from any point in a. {mrv(‘ rc‘pn‘s<mtin|^ a r(‘- 
v(‘rsihl(‘ jyrocc'ss a tan^emt ho drawn, thc‘ longlli of tin* 
sul)tangonl on tin* </>‘i\i.s n^prosfads Iho inonaadary 
valiK^ of (h(‘ sp(‘<*ifi(‘ h{‘at for that ohan^ca 

In 2 (A) lot ApiHnA n^prosonl a n‘Vorsihh‘ oyol{‘ 
in whi<*h AniH is tiu* forward stroko and tho aroa 
aA}NHI> H'prosonts th(‘ boat na-oivt*?! from oxirrnal 
souna^Sj and wh{‘n‘ HtiA is tho rot urn stroko aiul (ho 
a.r(‘a aAnBh roprosemts tho hexat n*j(*(’tod. On tho 
complcdiou of t!u^ (‘volo th(‘ intrinsif* om*rgy has narainot! 
its initial valium and tliorofon* tho diffc^ronoo holuoon 



CARNOT CYCLE. 


the heat received and the heat rejeetcHl, i.e., tli(‘ inaitni- 
tude of the enclosed area AmIhiAj must th(‘ 

amount of heat changed in(o work. 

Carnot Cycle.—In tlie case of the Carnot this 

choice of coordinates ]('ads to a l)eautiriil sini})ruat 3 '. 
The cycle Fig. 2 (B) becomes a rectangk^ consisting 



of (1) the isothermal (expansion rr/, during which is 
received the lieat - (!<!> ivpiv- 

«/ </»t 

sented by tobil (he adiabafic 

line dc, (o) ilu; isotlicfina! (‘(impn'ssion duriiifr which 

is rejected the lieat Q. ■ / "T.j(<I> repre- 

n/ </»l 

sented by </>./('</),; and (-1) the adiubalie conipres- 
sion fc. The lu^at (hangcMl into work is (J., 

1^2 ( ^ 2 ) (</n ‘ j). d h (' (* 111- 

ciency, 7 ^=.——^ is simply the ratio of the n‘(dangles 

edef and <l>icd<l) 2 } and as these have the same base, tJic 
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areas are proportional to the altitudes and at once 

- r.> 

the efficiency becomes 

Isodiabatic Cycles. — In deducing the equation 

d 4 >^Y reversible cycles, use is made of the Carnot 

cycle and it is shown that no other cycle can have a 
greater efficiency. Tlierc', are, however, a number of 
other cycles having the same efTicic^ncy as the Carnot 
within the same range of tempera,lure. 

In Fig. 3 , let the reversible cyJc ahccl be formed by 



Fi(i. 


the two isothermals ah and al and of thr^, two curves 
he and da. The curve he is arbhrary, ])ut da is drawn 
like it, being simply displac.(‘d to the Idl,. The heat 
turned into work during the cycT' is ahed, or (M[ual to 
that of the equivtihait Ca-rnot cycl(‘ u/>r/, but tlu^ lu^at 
supplied is dfdaa^ Yadihl/, or is gr(\‘ii(‘r tluui ihat. ikhmUhI 
to perform the sa,m{\ work with tlu^ Carnot, cycle ])y 
the amountvZ'daa'. Now tlu' h(‘ai r(\ject(‘(l from h to d 
consists of the two l)arls, edd'd, which pass(ss to tlio 
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refrigerator at the lowest temperature T2 and is of 
necessity lost, and hVdc, which is rejected during a 
dropping temperature and which is strictly eciual to 
the heat required to carry out tlie nwerse operalion 
Instead of being wasted, the heat r(\i(‘(‘ted along /^r 
might be stored up and returned to tlu^ fluid along dn, 
thus making no further demands upon tlu^ souna^ of 
heat. In this manner the one operalion would halama' 
the other and the heat actually naiuinal from an 
external source would be reprcs(ait(Ml by a'uhl/, as in 
the Carnot cycle. The heat actually r(\i(a‘.l(Ml would 
also be represented by cFdrc'j ecpial to a'/e//, ns in tla^ 
Carnot cycle. Thus the adidhulic lin(\s of (Ih^ Carnot 
cycle would be replaced by two lines hr and da, .dong 
which the interchange's of laait are compemsabMl. Tlu' 
efficiency of such i^odialndic would thus b(' (Hjual 

to that of the Carnot cy(*!('. 

The operations along llu^ liiK's J>r and da may be 
imagined as follows. Il('at. only (lows sponlaneouslv 
from one body to anotlu'r at a low(‘r banpca-aluna 
Thus the heat given up along hr ca.n ]h) sIohmI and 
utilized to effect tlu^ opc'ralion da, if llu^ pro(a*ss b(‘ 
sulKlivided into very sniaJl dinenmccss of banperature 
and each i)ortion of tlu'. heat r('j(‘e.l(‘d at. tli(‘ monuaitary 
temperature. Thus th(‘ h(‘a,t r(‘j(‘<‘l(‘d along hr Indwcnm 
the temperatunvs Td-df and T (Fig. :\) is returned 
along a portion of chi at th(^ sana^ l(anp(‘ra(ur(‘. 

Ihe difficulty is to find a practical r(‘g(‘nera.tor to 



S Tin: TTMVT.HATl llT-r.XTh'nl'y DlM.'hWM. 

Jicrfunii this iluty. It must havu Inrp'hcat-cdiiiluctinp; 
surfa<'ds, mill (■iiii.'i.-t "f a iiuuiIht nf sululivisioiis at 
all Ii'inj'iTat UMT- lirlwcrii 7 ', mill ami tlicn' luuat 
lir 11(1 cuihluriinii I'f lii-al frnm any part t«i the next at 
liiwiT trini'iTaltin'. 'I'd ai-i-niiiiili'h llm npiTatiou aloiij^ 
hr, llii' vMirkiiiL', lluiil pa.' i'-- Micci'ssivrly l!iniu.a;h these 
i!i\i-ii)ie aiel ilepn-ii ; in eaeh a part nf its heat. Dur- 
imr the pimee. ■■ ih; ilie tluill pa--.v-i a.mihi thniUKh the 
ili\i'idns I.ut in a re\.T-e ilireeiiuii, fniut tlie coldest 
to llie hntte-t, 'l lu ' ideal pnlee ■■ call only he roUKhly 
reali/.eii a- the reyeneraior ha- a limited eoiiduetihility, 
jienuit- the Ilou of he,at hetweeii adjacent .sections, 
and c.an only .tore up heat it' the fluid is much hotter 
and refund it if the iluid i much colder than itself, 
'rherefore oidy the upper portion of the line hr can 
actually he ulili.'ed to refumi heat yr.atuitou:ly aloiiK 
the louer portion of Ih-nce in practice it should 

1,|. j„r ihle to ohtain a hiide r eiliciimcc with an enpniK' 
worhint-t; on lie- (‘arnot c\c!e. hecau: e lho.se working; 
<111 the i odiahalic c»,cle ha\e the added lo.sses of thc 
rereuerator. !'>ut ihioieiical etlicieiicy i.s only out' 
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piston absolutely impermeable to heat, but an cud 
which is a perfect heat conductor. The cycle of the 
working fluid in the primary cylinder consists of two 
isothermal and two constant-volume proc(\ss(^s. Placed 
in contact with a source of heat of constant h'lnpc'ra- 
ture Ti the fluid expands isothermally up to tlu' end 
of the stroke; then removed from the sour(*e of lu'at, 
heat is extracted at constant volume until tcau- 
perature has fallen to T>] next placed in contact with 
a refrigerator of constant temperature T>2 th(^ working 
fluid is compressed isothermally until the inithil volume 
is regained. The second cylindi'r operates only din-ing 
the constant volume changes. AVith its working sub¬ 
stance compressed into the (*l(‘aranco space: and at the 
temperature Ti its conducting end is brought into 
contact with the corresponding end of t!u'. j)rima.ry 
cylinder, just as the latter is nanoved from tlu^ source 
of heat. The two charges in tlu^ir respe(*tiv(' (‘vliiuha’s 
are thus maintained separates whil(^ tlu^ tcanpca-a-lur(' is 
always equalized. The piston in th(‘, s(‘(‘oiuhuy (‘ylin- 
der now moves forward, p(n*forming externa,! work a,t 
the expense of the internal eiuu'gy of its own chargi' 
and of the h(‘at rec(uv(‘d from th(‘ primary (‘vlinder, 
Cv{Ti — T2)> This process is to occ.ur so slowly that 
only an infinitesimal drop of tempiTatun^ (‘xists through¬ 
out the combined mavSS(\s. When not in (‘ontac't with 
the main cylinder tlu^ auxiliary nauains ina(*tiv(‘. For 
its return stroke the secondary is placed in contact with 
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tlie primary as tlu^ latttu' is r(‘m(>V(Hl from th(‘ rt'frig- 
orator, aiul external work of an amount (H[ua.l lo (hat 
developed during the forward s(rok(^ must Ih‘ porfomu'd 
upon it, thus gradually n'storing its own hsupia-afun^ 
and that of the primary by returning (o it tlu'. heat, 
Cv{Ti — T^)- 

Thus while the (m(roi)y of llu^ working eliargc^ is 
decreasing along he (hdg. *1) tha(. of (he auxiliary eharg(‘ 
is increasing an ecpial amount along he', .and whil(‘ (hat 
of the auxilia,ry charg(^ dcauxaisi^s along d'a (curve e'h 



VUL [ 


moved to the It^ft) (lu^ (ai(roi)y of (h<‘ wni'king chargn 
und(a‘go(‘s an (apial inen^ase a(, (la* saint' (empera(ures. 
Tims (luring (he isodial)a,(ic. jtroet'sses (lie (Munbined 
entropi(ss of tlu* two charg(*s posst'ss a (‘onslanf wdiie. 

Decrease in Efficiency due to Irreversibility. In all 
actual ('ugiru's wlu'n* tin* charge* enit'rs ami It'avcs (he 
eylhuha' caudi (*y(‘l(*, a small dinVrt'nct* of prt'ssun' and 
henc(j of tcmipcwatuni must always (‘xis( lH*twt‘(‘u (Ik*. 
fluid in tlu^ ►‘^upply-pipc*. and in (lit* (‘ylind(‘r, and belwt't'n 
that in the cylinder and in tlu^ (*xhaus("pip(*. Thus, 
let Ti and T 2 (Tig. 5) represent (he tt‘mp(*raturt‘s of 
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source and refrigerator; then, for a Carnot cycle ahed 
represents the heat utilized, while degh represents that 
rejected. If it be assumed that no loss of heat is 
experienced by the working fluid during admission, 
but simply the drop in temperature T^Ti, then area 
a'b'g'h must equal area abgh. Similarly, the heat 
rejected at To' from the actual engine (area d'c'g'h) 
would at the temperature To be equal to the arc'a dee'h, 
and thus exceeds that rejected in the ideal ease by the 
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area cee'g. The eflic.icncy of the actual cycle is there¬ 
fore reduced by theses iiTtiva'rsiblc; processes. 

It is important to notice that tlu! incn'ased exhaust 
subdivides into the iwo areas cedg'g and ci'cc'g', whicfli 
represent the losses incurred during admission and 
es;haust respectively. Thus if there were no throttling 
during exhaust the adiabatic expansion would be from 
b' to Cl', and therefore cci'g'g must reprcisent the loss 
due to throttling at admission alone. The loss is in 
each case equal to the increase in entropy during the 
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throttling, multiplied by the lowest available tem¬ 
perature. Thus it follows that any irreversibility, 
which is always accompanied by a growth of entropy, 
must cause a decrease in the thermal ('fficiency of a 
cycle. Of course, the net efficiency is always still fur¬ 
ther reduced l.)y actual heat losses due to conduction 
and radiation. 

Therefore in ivorking between any two (onpcnitin'c,^ the 
highest possible efficiency will not be attained unless all 
the heat rcceired is taken m at the upper tonperaturej 
and all the heat 'rejected is given out at the hurer tem¬ 
perature. The only exception to this is in the case 
of the isodiabatic cycles already considered. 



CHAPTER II. 


THE TEMPERATlTRE-ENTROPy DIAGRAM FOR 
PERFECT GASES. 

A PEEFECT gas is dofinctl as a substance whose specific 
volume, pressure, and temperature satisfy the equation 

■pv=RT, 

and whose specific heat at constant pressure, Cp, and 
at constant volume, c„, are constants. 

Starting from the equation for the conservation of 
energy, 

dQ—A{(lE-\rpdv), .(1) 

for a change of condition at constant volume we obtain 
dQ = AdE = cdT-, 


whence +constant.( 2 ) 

The internal energy of a perfect gas is thus seen to 
depend solely upon the alxsolute teinpcrature, so that 
an isothennal process is also an isodynamic one. 

Let us consider next a unit weight of gas in the 
condition {^wT)^ and let the temperature increase from 
T to Tij on(.^e at constant volume and a se(‘.ond time 

at constant pressure. In the first case the condition 

13 
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is changed from {pvT) to {pivT{) by the addition of 
the heat, (h{Ti—T); in the second case from (pvT) 
to ipviTi) by the addition of the heat Cp(Ti—T). 

Since the change of temperature is the same in both 
cases the increase in internal energy is the same and 
therefore the difference between the heat added in the 
two cases must represent the difference in the external 
work performed. Then we have 

(cp-cv) {Ti-T) = Ap{vi-v), 

=AR{Ti-T), 

whence Cp—Cv=AR=Cv(k—l). . . (3) 

Substituting, this relation in the expression for in* 
temal energy gives 

const.(4) 


The entropy for any condition can now be determined 
without difficulty. Since 


dQ=CvdT+Apdv; 

, pdQ rdT , . r dv 
<j>=j ^ ^fficonstant, 


— Cv 


■^{pdv+vdp) 


pv 

'R 



+constant, 


=c 41 oge V +loge p] + (cp—Cv) loge V +Constant, 
=Csj^loge loge + constant, 

=Cv log* pv ^+constanti.(5«) 
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By use of the characteristic equation pv = RT, cither 
p or V can bo eliminated so that the entropy may also 
be expressed as 

^=Ci, loge rv*'“^ + constant 2 , . . (56) 

i-fc 

4> = Cp loge Tp * + constants . . . (5c) 

The fundamental heat equations for a.perfect gas are 

dv 

dQ = c^T+(cp-c^) T—, 

dQ=cpdT-icp-c^)T^, • ( 6 ) 

dQ-c:r^+c,T^, 

and Cp—c^=AR, .(7) 

which for reversible processes give three different expres¬ 
sions for entropy: 

T ' V 

p /p 

•, V2 1 '^2 

<^2-<^l = C.l0ge- +CplOg.-- 

The curves for constant volume and constant pressure, 
respectively, in the T^S-diagram become 

T, 

4^2 ^®ge... 


( 9 ) 
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T 

and <^2-<35i=c^loge^.(10) 

If p=f{v) be the p 2 ;-projection of any curve on the 
characteristic surface pv-=RT; to find the r^-projec- 
tion of the same curve it is only necessary to find 

^=/i(r) or —=/ 2 (T') from the above equations and to 

substitute them in the first and second forms, respec¬ 
tively, of equations (8). 

The most general form of p=^f(v) with which the 
engineer is concerned is that of an indicator card, 
namely, 

constant, . . . . (11) 

where the exponent is determined from any two points 
by means of the formula 


log p, - log Pa 
log V 2 - log Vj" 


The respective projections of equation (11) on the 
Tv- and Tp-planes, as found by combination with the 
characteristic equation, are 


^ T^Dn -1 = a constant 

1—n 1—n 

and Tip^ n =T 2 P 2 " = a constant, 


whence it follows that 
1 




and — 
Pi 



. . ( 12 ) 
. . (13) 


• • ( 14 ) 
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I'lu' s\lh^‘li^utiou nf ('equations (M) iu the (‘orrespoiulinp; 
fonus af (S} givt's 


i 



I'lqtiafiuns (li^. ri:!p 1 1"* . aiu! (151 n'pn^stait simply 
difiVniit proji-slinii: tjf flu* saiiir ruiva an llu‘ charau- 
fiTi'tir uri'ai’f uptui 41tlrirnt plaiu'S. 

Priaii t‘qnaiiuii r.! . p. 1, far pniVut gast‘s. 




' 7 ^’ 


(tr 




r lag.,., 

* I 


(K'O 


('iiuiimrisi'ii nf cutiati<nis (15) :iuil (!!») .■■.Ikiws lliat Ihc 
NIH-cilic hfiit fur iIh- t'l-n.-ral f\paii?-inii is 


i.i'., thf iH-rifti' hfiit i‘j inni I'.rjmiisinn of <i perfect tjas, 
pr” eiuisUint, enn he expre seil fi.s u fuiniion of the 
f jHTiltc heat at amr.tant volume, the ratio of c,, ami f\., and 
the e/potieut n of the ej'pan: o e., 
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Let US consider equations (11), (15), and (17) for 
the following special cases: 

(1) For r = const., = 277"-constant, and n = l. 

1 — k 

Equation (17) becomes c —— co; i.e., for 

an isothermal change the heat capacity of the substance 
is infinite; that is to say, no matter how much heat is 
added the temperature will not change. 

Equation (15) becomes oo • 0; that is, the 

value of ^ may undergo any change whatever and the 
7"f/)-curvc simply becomes 7" —const. 

(2) For c/) —co]istant, eciuation (15) gives 

and cciuation (17) becomes c = = i.e., for an 

iseiitropic change the heat capacity of the substance 
is ml; that is to say, the tempcn’aturc of the subs!ance 
can bo increased or diminished without the addition 
or sul)traction of heat as heat. Equation (11) becomes 
constant. 

(3) For /) —constant, equation (11) becomes 
hence ii ecpuils zero. 

0 _ c 

From (14) equation (15) 

U i 

T. 

bocomes </>2 —= log,,^, as already found in equa¬ 

tion (10). 

(4) For i; = constant, the only value of n which will 
satisfy Pi'Wi” = is »=oo; so that equation (11) 
becomes ?; = constant. 
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I'.quatinti (^17} r <• ^ \vh{'n<*a from 

,. , . , T. 

aquation { y. Vi ^>^’7 7 . . ns |>n*viniisly iound in 

' I 

at |uat It m dO u 

\\a art‘ lutu in a jH^hion to translta* any cairvt' from 
tin* /a‘ plant* tt> tht* / plant* as st»on as \\v know (ho 
valut* of t\ fnr I hr y;i\<ui i^as. 

In Fi^. ti lot tihr«/ n*prt*>rnt a ayah* (‘tinsistinii; of two 


rf 


y 



71 

. I 


i' * 


I a. Vk 



aur\a''5 tif aoir4aiil aiii! twu <if aoiatanf pr<*s- 

.••airt* iialiaattMi li\ a n-aianyh' in ftia /<a plant*. In tin* 
7*'/* plant* ■ tali ttitli tia^valuottf tin* rnlrttpy at t/ as tin* 
/fU'tt pstinf. lilt* t‘iir\r oh will l.r tif tha natun* shtiwn, 
fHaatiiiing stot'par as 7* inartai as hta’aina* tilt* su!»tan|j;ant 
at any pttinf irpri-'-aniilir \a!ut* t>f tq. ami this is a 
t'oiislanf fttr parft*af parrs. Arrivin^^ at /q tha aurva 
of atUisfant prarsaira will asruiia* miuh* .sU{*h position as 
slaswn. ha will nof Ft* as rta<q» as ah at Hit* ptunt- of 
infarsaatitJii haaaU*** \j\ ttu* .sillitanpt'Ut of In: 
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is greater than the subtangent of ah. Two similar 
curves cd and da complete the cycle. 

All possible variations of the curves p-i;” = constant, 


or 




n — k 


T, 

‘log^T^, are summarized in the fol¬ 


lowing table and diagrams: 


yny-coordinatos. 

T^-coordinates. 

n 

Form of the Curve. 

71— k 
' n — 1 

Form of the Cut-ve. 

0 

p—constant 


j T and (j) increase or de- 

0<n<l 

pv*i = constant 

'>Cp 

) crease together 

1 

pv —constant (isothermal) 

00 

I’ —constant * 

1 <n< fc 

pi;” — constant 

J Nega- 
j tive 

j T increasing and (f> deer’sing 

1 T decreasing and 4> incr’sing 

k 

p^k — constant (isentropic) 

0 

0 == constant 

/c<n<oo 

pi;H = constant 

<Cy 

J T and ^ increase or de- 

00 

i; •= constant 


( crease together 


* Durinff an isothermal change of a perfect gas all the heat adcied performs 
external work, hence in the diagrams the isodynamic lines are superimposed 
upon the isothermais. 
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The 7’<jii-Projection of any pv-Cmve. —In case the 
curve p—f^v) does not possess an equation of the 
simple form pv’^^-c, and it thus becomes more difficult 
to detonnino the corresponding expression 4)=fi(T), 
it will sometinu's prove; simph'r to avoid the analytical 
solution and to find the d('sir(>d curve graphically by 
plotting if. point by point at the; intersections of the 
proper const ant pn‘ssure and constant volume curves. 

This may be dom* the; more readily since the curves 
of coastant prt‘.ssur(' and constant volume 

<!> - - ('}, log^ 7' I ■ c 1 and <l>=Cv log« T+C2 

an; of such a eharae.t('r that tlu; inb're.epts upon iso- 
thermals mudi' by any two constant iiressure or con¬ 
stant volume curves are of (‘qual lengths and C(tual 
r(;s[)(;ctively to 

JcA d/itlog,.- - and J (■/>•-= .’I Ai log,. 

ITenco to draw a serii's of const,ant pr('.ssurc or of 
constant volume c.urvi's in tlu; 7’(/)-plane the following 
j)roc('dun; is jn-cessary and suffici(;nt: 

(1) Determine accurately the contour of the two 
curves 

= Cp logc T and <!> = c» logs T. 

(2) Construct a template of both curves. 
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(3) Determine 

V>y V\ 

JcJ) = AR logc and Iog« — 

for the necessary pressure's and volumes. 

(4) Along the isothermal passing through piVi, 
lay off the values of J(j> determined in (3). 

(5) Using the templates tlraw through tlu'se^ points 
the corresponding pressure or voliinu' (‘ur\'es. 

Having these base lines once construclc'd, any irn'gular 
curvC; ‘p=f(v)j may be at oiuh; translVrn'd from (he 
pv- to the r(/>-plane by noting the' valiu's of pri'ssure 
and volume at a sufficient immlK'r of points (o give a 
smooth curve. 

Relative Simplicity of the T(l>- and /n'-Projections.— 
In graphical work wheni it may 1 h‘ n(H‘('ssarv (o plot 
isothermals and nwc'rsibk^ adiabatics as \V(41 as ctyn- 
stant pressure and constant volunu' (‘urv(\s, it is simpka* 
to use the Tc])- than tlu^ pp-phuw, 41iis is at on(!c 
evident from the following (abulatiou: 


Curv(*8. 

pw-plsuu\ I 

7V* Ilium*. 

Constant prossuns. 

I 

Horixontal - 

S ’’i' 1 '-1 

! 

' The cm v e-* me ull alike 

** voluino. 


\ '/» I'j, / i »■, 


; ( r 

1 No two eurve-j alike 

* Thr Ctu \ r-i ;ue nil nlik© 

temperature . . 

1 I Imi/.ouf :il linen 

** entropy. 

j r. 

^ No two etn'V(*s alike* 

1 \ ei f iral iinr-i 



The Logarithmic Curve ?/ log .r. Th(' logarithmic 
curve forms the basis not only of tlu' graplii<*al methotl 







PERFECT GAFKE. 

for plotting any polytropic curvn in 

*„ of the method toM..O-t^^ o'eon. 

rw- and pv-vliincB into the ‘ T 1'*'^"' • , 

Z Tc „ tmete.l v,.,v .,oieh.y ft..,., „ ...yot, .. 

ri. io.,.,..'h of .1- ... 



template can be com^ruetinl and tin* nir^-- tou:, 
drawn wlu'in'vcr nceilfii. 

In caH(‘ logarithmir fablra niv n.-t al bitifd m.d • v-n 
if tliny are, and some arbitrary xalm- of i. .-mn. I 

as unity, tlm following gruphieal metliod f>'i i<iii .i*t 
ing the logarithmic curve U often of s*rent eoinenteiev. 
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Let Oxq (Fig. 8) roprcscnit the arl)it,rtuy unit of x. 
Through 0 draw any straight line 0<8. Tlu'n starting 
with 0 as a centre and OXq as the first radius, con¬ 
struct the series of arcs and [lerpondiculars, determining 
the scries of values, 

."^3; *^2, *^1; .ni, n -^2, ^3, . . • 

From the scries of similar triangles tlu>se (puintitics 
are related as follows: 

1 .T,i -Tj! £2 -*'0 I ~ ri-lj 

a's ai;! :ri -t’o -\ i -\. 2 -V 3 X,i 

whence aii = ?n“hro At -tiixo 

X2 = m~'^.ri~mrh-o oiiXi =m-Xo 

X's = wi~hr2 ~ nr-Kro A';t ^ ■ /// .XL • ■ wrXro 


Xn=m~^Xn-i’^)n 'Xro A'„ in’Kfo 

Taking the logarithms and remembering that logxo 
-=0 and setting log in - T>, we obtain 

log Xn = log wi“".ro ■— n • log m ~ n -1) log — 


logxs =log m~Xro=«—8 log in 


:]-l) log^* 
■to 


log X 2 = log nf'^xa = — 2 log m - — 2 J) 






PKUFF.CT QAFFl^. 



log/i = 

log »7"'/(i = = 

— I. h ig at ■ 

-1 I> 

In-: 

■ /il 

lOgX( 


; 

0 

! 

iiUl 

log Ai = 

lOgW/Zo " = 

- 1 - 1 log at 

i 1 

l„c-^‘ 

J ll 

log AT = 

: log >n-xa - - 

■ 1-2 log »i ' 

:\2 l> 

loC’ ■* 

■ ' -I'a 

logAi;*- 

dog wAi'r 

\ :i log at 

. i ;i l> 

1 ■' 

I* n' 

’ ‘ -i’i) 

lf)g X,r 

log w/'ti'u 

i It log at 

■ >, !) 

1 

h 


This iiu‘(h(»l ..f .■(.nsIruHiun ha thti anm a hs. -i 

of poinis .r sncli (ha( tlu’ Ip-arilluii -f an', .. ■' 

sivo points of thr series ,!ilT.T !.y a .■..iniu..i, ana, not !>. 
iWoro to aonsiru.'t I hr ,lr io-.i 1, r-ant hn.ar ruM- 
r log/, starting at lay oil ..n ih- ^,-Mi.■a! hn-* 

through A'l, A';. A.t, . . - A,,, an,I f i. a,., . tl‘ 

distaiKH's 1 ), and ^ * 

... n-sprctivrly, an,1 n.unrrt ll.nnwith a nr.Mth 


curvn. 

In casi^ any multiph’ of this curvr i ■ ,h' ir,->i, u> h .as 

7 /=.a-log.r, as. for (•\!unp!.‘, J-/- 'V th- nj-.h- 


nates of tho curvo ij log / may each hr lunltipli.-.l hy a 
and the product «/>. ‘2a 1), .... laid off a, h- f-.r.'. A 
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simple and inon' comMiuent nu'tliod is {hat shown in 
Fig. 9. 

Lay off from 0 {Ih‘ disfanci^ unify Uo 1), from xo 
drop a p('rp(‘ndi(‘ular t‘([ual (o a units. Draw D.l. 
Then from similar trianglt‘s if 0/> otjual log BU 
will e(|ual adog.r. Th(‘n‘fon‘ to doPa'iniut' alogx // 
for any value of x, tak(‘ Iog.r from tlu'. log-curve with 



the divi(l(‘rs and locates JL Fhcu un^asurc BO with 
th(' dividca's. 

Graphical Construction of the Ptdytropic Curves 
(pu r) in the /a’-Plane. IL conslrurf the polytrnpic, 
curv(\s choos(‘ any convenient Vi)Imne, n< ()A iKig. loi 
for unit h^ngth, and lluni IlinMigh this point itraw in 
any coinamitmt manin’r the logariflunie curve p higc. 

From th(‘ origin lay off to the left fid' fij^ ami 
then A'B " a. Draw the straight line fi/>, and the 
constant-wohum^ curvt* through d. C’hoosi* any ntnnln'r 
of points on this line^ ns 1, d, - » - ^ aceortling to the 
numhem of eurv(\s ilesirml^ and ccanaHl mtch ijoint !)y a 
st.raiglit line* to the origin. 



PERFECT CASEF. 


To dcternuno tlu^ prcssiin\s on the (‘iirvrs 1,2, a, , 
corresponding to any volume^ as /’i, laki' log rj from 
the log-curve and lay off a( (lit* left as Ori'- Prop 



a vertical line through r/ until if iatrr.MMi;-. ull at a|. 
Project horizontally on the log-curve at Thnmgl^ hi 
erect a perpendicular iulc‘rsc‘c*ting fU, (Kl, . , . , at 
^ 1 ? ^ 2 ; hzf r<'spectivc*ly. Draw horizontal Tumi 
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through these points intersecting vi at pi, p 2 , Pa,.... 
These are the desired points. 

The proof of this is simple. From similar triangles, 

v/ui: —log vi = —n: —1, 

Vi'a= —n log vi=log vi~”=bb\ 

.•. Ob=vi~’*. 


Again from similar triangles, 

bhi-.Ob =Al:OA, 
bhi:vr”'=-pA-vT, 
bhi=-vr^-Pj^v’^ = pi. 

To continue the curves to the left of A, prolong BO 
into pv-plane, as shown, and lay off log v to the right 
of 0. Then proceed as before. 

This same method can bo used to plot the Tv-pro- 
jection of the polytrope, Tv^~^=c, provided the auxiliary 
line OB is determined by the coordinates [—1, — (n—1)] 
instead of (—1, —n). 

This construction may be used backwards to deter¬ 
mine n for a given polytropic curve, or if the curve is 
only approximately polytropic a mean value of n can 
be determined. 

Construction of the Isothermals, pv=c, in the pv- 

Plane.—Draw the curves pi =c and Vi =c, which bound 
that portion of the pt;-plane (Fig. 11) in which the 
isothei’mals are to be constructed. To construct the 
isothermal through any point, as A, draw the curve 
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-r.. Draw tlu^ straight linivs 01, Oil, OUT ,which 
intt‘rs(H‘t V ■ Va hi poinls 1, 3; D • • • • Draw a series 

of vtiliral liiu^s (hri)ugli I, 11, III, . , , , and horizontal 
linos through 1, 2, o,... , ilu'u points of inti'rseciion 
ll, IP2, HID,, . , , ari‘ points on tlu^ ([(‘sinnl isoilun'inal. 



Tlie isothennalH thrmigh tlu^ suoetvssivt* points I, II, 
III, , . . , ran ho drawn hy nsing th(‘ sanio radial aiul 
vortionl linos, ddio only oxtra (S)nstru(*tion tu'cvmuj 
hi‘in|!: flH‘ h«jri/,oiifal linos llirotigh the points of iutiU’sec- 
tion <»f /, //, III, . . , , with tho radial lin(‘s. 

This oiaistruciiun is vary siinplo if oarritHl out on 
pit)!ting papor, as then only the radial lines need to bo 
eonstructeii 
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The justification for this construction is found in the 
equation of the curve itself. Thus fv =c may be 
construed graphically to mean that the area of the 
rectangle included between the axes of p and v and 
the constant pressure and constant volume lines through 
any point on the curve is a constant. Thus take the 
points (A) and (2,77) on the isothermal through A. 
If these points lie on the same isothermal rectangle OA 
must equal rectangle 0 2,77. Now A OIIp = A 0111F 
and A 022' = A 02va and A 2IIA = A 277(2,77), whence 
rectangle 2'A = rectangle 77) and therefore 

rectangle OA =rectangle 0(2, 77). 

Slide Rule Construction of Isothermals.—If, in place 
of drawing isothermals through points already known, 
it becomes necessary to determine them for definite 
temperatui’es the work of plotting may be carried on 
directly from the slide rule. Thus set the slider to 
mark the product RT, and then the volumes corre¬ 
sponding to any desired number of pressures may be 
read from one setting for each value. The slider must 
be reset for each new isothermal. 

Representation of W, Q, and JE in the jyo- and 
r^-Planes.—^The pr-plane gives at once the external 
work performed during, and the Tcp-plme the heat 
interchange involved in, any reversible process. To 
represent the change of internal energy two methods 
are available in both planes.- 

(1) Since isothermal and isodynamic lines are oou>- 
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cident it is only necessary to determine JE per unit 
increase of temperature and then, by assuming some 
arbitrary zero of internal energy, to assign values to 

the different isodynamics. Thus JE= 

/c-1 k-1 

and JE per unit change of temperature equals 
li Cv 

--^==z-E, Hence the cliange of intrinsic energy during 

any process may b(^ found by noting tluo initial and 
final state points with reference to the isodynamic 
lines. 

(2) If a substance expands adial^atically, performing 
work at the expense of its internal energy, and if this 
process occurs so slowly as to i)revent increase of 
kinetic energy and to jxn’init the maintenance of a 
uniform tcxnpc'rature, and if tlxTo b(^ luather internal 
nor surface friction, them the expansion will at the 
same time l)e iscnitropic.. For siudi an iscmtropic 
expansion tlui ar(‘a under the curv(^ in tlie j^r-plane will 
not only rc^pn'scait the external work pcnlornKHl but 
will at the same time l)o a m(iasure of the dccrc^ase of 
internal energy. Thus l)(Tween any two points a and 
h upon tlic same iscxitropc there must exist the difference 
of internal energy, 



where n equals the exponent of the adiabatic curve. 



;; l > the TKMinULXrrnK-FWUol^Y Fl.MULiM, 

If the I)eint h In^ reiuevinl to iuiiiiity tlu‘re iv.siilts 

he., tlu^ tit‘(‘reast^ in intmial <*u(a'e:v diiriny fri«‘ti(mlns.s 
udiahatie t^xpaiisiun from any tiuito ooiitlition ti to 

infinity is r('pri*sonio«l hy ^ llii^-, liourvor, is not 

the total value of the int«‘rnal tiieryv at e«»iuiiii(m a, 
lHH*auscj hy definition, 

Vi!)I’a f it m enepins < 1 i •= ‘pa I ion 

energy; 

kinetie imergy plus* pt^ttaiiial eiua'gy; 

.S' ! /, 

and .at infinity whil<* tlie vihratinn kinetie energy 
has htM'oine zt*ro with tlie di; appearaneo ni hnfh prr ure 
anil ti‘mpi*ratun% the tli^groganini <a' poirniial energ,y 
has asstinHsl its mavimtim \aluo due to intinih* inerea^'e 
in voluniia Ihius* h\^ i ^ ^ 

may writi^ 

, * 

/#{! 

a — I 

Thus the* inti*rnu! iaua’gy of a perfeei ga.- ean In* ih'fta- 
min<‘il up to the valia* tif a eiaialn unknown eon:"4anf, 

/ , 

■* m* 

In tin* easi‘ c»f a perfeet gas fhi* inoloeulee are eup- 
poscit to he sc^ far apart as ht* heyoitd the aplau'e of 


Intc^rnal taua-gy 


or 


H 
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mutual attraction, so that the value of is already 
established at finite distances, and changes in internal 
energy are directly proportional to changes in tem¬ 
perature. 

(a) To find the difference in internal energy between 
any two state points a and 6 of a perfect gas we have 

77T 171 , T r 


-^(r6-ra)=|(n-ra), 


or — CvT If Cv^a* 

Interpreted graphically (Fig. 12) this states that the 
difference between the intrinsic energy of any two 



state points is represented in the ;?)y-plane by the dif¬ 
ference of the areas under tlu^ adiabaties drawn through 
the respective points and extended to infinity; or the 
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heat equivalent of the difference i.» kiiuHie, energy is 
represented in the T</>-plane l.y the diitereiu'c of the 
areas under the constant volmne cuinvs drawn tlirough 
the respective points and extended to intiiuty. ^ 

Here again, although both tliagranis are inlimte, the 

Tcl> is the easier to construct accurately. 

(/,) To avoid the use, of the inliniP* diagnun th.’ 
method shown in Fig. Id can he used. Sui^pos.^ it is 



desired to find (he diflVn-nee of inlriusi.' energy helweei, 
a and h. Fraw through <i i/.r plane) the isods naime 
7C„ = (: and through h (he isenimpe. ‘h inteiv eimg 
at some point Ah If the gas h.- i.nagined to expand 
isentn.pically from h to .V it will dev.-lop tie- u.uk 
bNN'h' a,ud sulh'r a decrease of internal energy h-, 1. >, 

equal to this work. Hut hy enn^truetion K, hi, ... 
that the area under UK represents the niagnilude ..t ilie 
difference of internal energy l.etweeu n and h. .\n 




PEui'i't'T i; isr.<. 


(Hiuivult'iil siiliit'uui iinru-atfil by dotli-b linc' may alu 
be uh(h1. 

Tu till' 7’>/' plaiu' a .-i’udiily lilll'Ti'ni '■"ii ina'tinii 
must be iHi'il. nuriiui: . ■<ni-tan! v..lum.' rh.-nev u" 
external wurk is ixTrurm.-a ami tlm la-af aa.lrb im 
creases the internal eneryy. liraw threimh '■ /■,•- 

plane. Ki^y la' the emislant vi.lunie c-ur\e e, me! 

thniui!;h a the istHlynamie e inter e.-iiue, at / . 

J" the eas 1 h* iinai'fme'l te unaeren the ehan-e /'t if 
Wui absurb the heat e. 7b -r,' area unaer /"•, ai.a 
aurini!; this ehaiiye its intiTiial etieriyv will be inerea ea 
fruin Kj. to that i-, frnm te hV, ib-nre the 

ailTerenee between the heat ei[uivaleut i el the intenna 
('iieray at the point ' <i ana 1 fepre enti.l bv tie m* i 
unaer I’ll. An I'.iuiv'alenl solution inaii'al«a b> .!,.i!<a 
lines may al o be u eb. 

It follows from the lir I law of th. rmoa’. nami^ . a 

nppliea to re\er'ible proer . <• , (J ! a/. • Ul , that 

(in the p/' plane' . inee the afe.-i unaer !e].r' • n' 'h'- 
work iierfonn-a ana tlie ,mv;i unaer b \ opo ■ ni tl,.- 
change of internal enerp.s, the ale'biaie ■'im ot tie- e, 
or th' .’irea unaer nhX, mu t reju'- in' in wul. unit 
tlie heat reeeivea. Similarly, in the 7'; i’laue i< tle- 
area unaer nh repre ent . tm'l mea unai i / i 

reiu-esenis .If/A. then the area ■■'./•l-.r mu I 

represent .llt'.a,. 

In the ease of a perfei't ('a i it i. thu. po ible in tw.lh 
tht* pi>- una the 7'y phme.s to repre ciit liy linite uieu.i 
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all three terms involved in the statement of the first 
law of thermodynamics. But again the T^-plane 
proves itself the simpler of the two, in that one of 
the two necessary construction curves is a straight line, 
and the other has only one form for any given gas. 
Graphical Projection of any Curve from the pv- to 

RT 

the Tv-Vla-ni .—From the laws of a perfect gas v=—^ 
or vaT if p=constant, it follows that in the ir?;-plane 



Pig. 14. 

a constant pressure curve is represented by a straight 
line passing through the origin. Let 1, Fig. 14, repre¬ 
sent the condition Ti, Vi, and hence the condition pi. 
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Tluni tlu^ line 01 ix'presents the line of constant pressure 
pi. Now if llu‘ volume of a perfect gas be maintained 
constant. tlu‘. pn'ssure is proportional to the tempera 
tuH'^ so that tlu‘ point. 27b,/U; n‘pr(\sents the })ressuro 
p 2 ~- 2 pi. hlu‘ liiu^ ()p 2 tlu'n‘for(‘ n'pn^scaits the con¬ 
stant. pn'ssure 2/n- Similarly Op^ r(‘pr(\sents p^=^o}h, 
etc. Tims to obtain the (*onstant. pn\ssure (‘urves, lay 
off on any (‘onvenicait (‘onstant volunu' curves a senies 
of (‘qual int(*rvals and draw a st‘t of straight lin(\s from 
tlH\s(‘ points to thc^ origin. If tlu‘ scale of 7’ is aln^ady 
d(‘t(‘rmin{‘d tlu' scalt^ of piwssnn'. may deUaanined to 
corr(*spon(b or if th('S(‘ pn'ssur(\s an^ laid off arbitrarily 
tlu‘ temp(a*atun‘ scale must In^ (hdxu'miruxl to corre¬ 
spond. For ordinary use thci hitter method is more 
convenitad. 

Lid. a curvi^ af> 1h^ givmi in the py-plane whiidi inter¬ 
sects tlu' pressun^ c,urv(\s pi, 2/0, 3/)i, etc., in the points 
I, 2, 3, idc,, n'spcHdivi^Iy. Each point P 2 C 2 , 

, has an unitpu* location in each plam^, nanudy, 
at tlu‘ intiU-stMdion of tlui (‘ornNSponding pnwure and 
volmui' ciirvtss. Tin* position in th(‘ 7b’~phuu^ may be 
found by projiHiing upward along th(‘ const.ant volume 
curvi‘ from p in ou(‘ plaiut to p in th(‘ otlua*. 

For any known wt'ight. of gas T is at on(‘e deter- 
mininl, but if tlu^ quantity is iuiknown and if the 
volumt\s tivn oidy known ridatividy, as in lh(‘ case of 
cards taktm from hot-air or gas-erngim^s or air-com- 
jm‘ssors, the scale^ of T cannot biMlcdvrmined, but the 
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pr()ji*c*ti(')U still pjivt'S roluti^'t' vuUu‘s of tlu' ti‘nipt*!«ifuic 
and may thus throw (“oiisiilcrahli' !ii;hl upon tlu’ nature 
of the operations. 

The Graphical Projection of any Curve from the 
7’r-Plane into the 7’</i--Plane. 'riuMailropy. temperature 
ami volume of a }z:a.<eous mixture are eonneeteil hy the 
etjuation 

(/. G, lop:,- T I .t/il lop. r i constant. 

As.suminp any condition as the relerence point 

'h(‘ difference of eniro[iy hetweeii this reference point, 
and any other jioint, vT, is piven hy 

T » 

J</. olop- , 1.1 A'lop.. - 

i 0 ^ i’ 


Pulting flH‘ variablt^ fai'lnr R the Ief(-Iuin«l 
term tho ('X[)n‘ssi<iii nnhirrs ti) 


Jt/i ^ 

"k- 


T V 

' rp ' ? * 

i 0 


In the ca.se of iliah)Uiic gasi'S w!a*u k L lOo tlun re¬ 
duces to 


3:wj) ^ a 

h ini {j 


This c^quatioa will apply tlinnUly to hnf mr eiufine 
and lUiM'oHiprrssor rard^s tnif f«u* «*iir,iiio i,\Hrk tlio 
coeflicirnt may nof*tl ffi !»* i{ioditi«*d fnr t‘a«di individual 
casce as k h a variahlo, \mtii!, nhoiif l.^S, 
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It is oviclont that if wo could construct two curves 
such that the ordinates for any point {T, v) are re- 

T V 

spectively (aiual to 2.17 lo^io rpr a^nd logio —, then the 

-l 0 Vo 

333.5 

sum of ihose two ordinaU'S would (njual 

and by using (liis value ami T a Tt/j-plol could be con- 
struci(;d. Tliis coeflicicnt could b(i (linhuated from the 

333.5 

T</)-])lot l)y making (uhropy, and 

tlu'ii (he abscissa' would read dircKitly in units of 
entrojjy. 

Thus supjiose w(‘ have (lu^ curves (Tig. 15) in the 
yr-plaiH' and di'sin' (.o find its 7’</)-])roj('c,tion. Choose 
any point Toi'o as (he ^efe^ene(^ )H)int, and then on base, 
lines i)arallel to (he T and r a.X('s a,nd located if necessary 
outside (he diagram (the axes Uu'iuselves maybe used 
if (lie diagram is not uunec<',ssarily e.omplieated 
tlu're!)y), construct two logarithmic curves (see j)}). 23 
(o 20), such that 

T V 

J// -log,,,- and Ji/2 log-- 

Tlu'n by means of the auxiliary construction draw also 
(he curve; 

Ji/i 2.-hlog,.,- 
i 0 

333.5 

Now, d'/' d//i i J/Zi, 
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and tlu^ndore if frnm any point n on the curve ah we 
obtain by pr()j(^(‘tiou upon tlu^ two logarithmic curves 
tlu' distaiicH's J//i and Jj/ 2 , the sum of these distances 
laid off to th(‘ right of (/)o along the isothermal will 
locates lh<‘ point in (lu^ !r<j6-plane. 

For point a, 

d//i ^Ha and Ay 2 == 0, 

and f(^r point ?>, 

Ay I - — AyF' am I Ay 2 ==» + Ayh^. 


Aftta* the curve is once constructed the scale of 


entropy mn be chosen by settling 




-L 


It is evidtmt when the logarithmic curves are con¬ 
structed I graphically that; as I) is (diosen arbitrarily, 
the scal(‘ of th(^ drawing may be anything. In fact, 
th(‘ s(*alt‘ c‘an 1 k^ suitably t‘hos(‘n by varying the length 
I). Furtluiinore th{‘ valu(‘s J?/i and J //2 may be read 
from the l)ase lim\s oii which th(‘ logarithmic, curves 
wen^ constnudidi or from any conveuitmt parallel line. 
This windil mean increasing or deen^asing all th(‘ values 
(jf Jr/) by tin* same amount and ridsuli simply in a bodily 
transfer of thi? 7Vi-proj(d‘tiou to tlu^ right or hdt by 
tlial amount. This would not afTcsd. the value of the 
diagram, as wet are deMiling with cdianges in (tntropy and 
not witli absolutet vaha‘s. In fact tint value of </> is 
infinite so that any point may be taken as the arbitrary 


zero. 
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Advanta^'e itiay thus Ik‘ tak™ of tlu*st‘ faafs to 
shift tlu' 7\/)-i)rojtH‘tion paralk*! ft» fhi^ </> axis so as to 
obtain tho most (‘onvtaruait lot'alion on (ho drawing- 
paper. 



CUWVKn TIT. 


TUH THMI'KUATrUK-^KNTHOPV FOR 

SA'rUHATFI) STlvAM. 

Dfk to tli(' vtTy slight variatioiis in tlu^ voluna^ of 
wafer with in(*n‘asing (caniu'ratun^ th(‘ lu^at (Mjaiva- 
Itaii of the exttaaial work is vcay small, aiul ilu^ dilTer- 
(aie(^ lH‘lw(‘(‘n tla^ work perfornuMl uml<T atmospluam*, 
pnwure aial that* whi<‘h would Ih^ p<a'form(‘d imd(‘r a 
pressun^ inen'asiiig with t!H‘ t(aup('rature a(*(H)rding 
to l{{‘guaults pn ssun'-tempt'rat ur(‘ eurvt^ is lu^gli- 
gihk‘ (‘ompared with tlu* lu‘at n‘quir(ul to inen‘as(i th(‘. 
t(‘mp(‘rature. thi^ valiu^ of thu sp(‘(‘hic h(‘at 

r fit) as (kdtaaniiHHl by Howland is takcm as (M|uiva- 
kait to that t>f th(‘ acdual spet'ilic h(‘at n^quirc'd for the 
transformation oe(‘urring wlusi hnnhwatta' is hc'atcsl in 
a boihaa Similar stateuamts hold for otlaa* flui<is. 

d'li(‘refore the lu^at rtHpiir(*d to inerc‘as{‘ tlu^ ttan- 
p(a*atun‘ of a pouml of liquid by tlu^ amount d7’whihi 
the pn»ssure inereases by d/i is taktm as 


0 ) 


dq rdf, 


4:1 



44 


THE TEMPERATURE-EXTRi i/'K DIAifRAM, 


whence 



n/r, . 

* 

- 

• • (2) 
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lu‘at r is shuwu l^y IIh* sutjfaii^nit «// 1 :i \\v 

proved ill fhe ^eisTul i 4 r»|ii:i!iu!i I-, ihr ;i,|r;i 

under the curve atjO repre-nifs tin* Ue.'ii thr !i»|nid. 
q; that is^ the nuiiiher of henf 11111!'^ i**!jtiirt*d wanu up 
the water from .42'^ I"', to tht^ ttuop»u\af uu^ i I’his 
*Svaterdine” is tie* lind of a rii!\r a finf rrpr»*-* 

seated by equafitm (Id; for piifrrt eao* . f"\ri'pf itiaf 
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the sp(H*i(i(‘ heat of a gats is a constant, while that of 
wat(‘r is a function of the t(‘inperature. 

If at t tlu^ waUa* has n^aclual the temperature corre¬ 
sponding to th(‘ hoil(‘r pn^ssun^ any furtlua* iu<*.rease 
of heat will caust^ th(^ water to vaporize^ und(T con¬ 
stant pnnssun^ and thus then^ will h(‘ an increase of 
(mtropy at (‘onstant tianperature. This will be n^pre- 
s(mt('d on th(' chart- by th(‘ horizontal liiu^ vd, and 
will (‘()ntimu‘ until all th(‘ wat(n* is vaporized and a 



V o *“7 '“ m 


Fi(5. IC), 

(‘oiulition of (Iry-saturatcd .sfeam n-acluid. Dviriiig 
thi.H chango iiicmiKc (»f (-iitropy will he 


. 'k 


.P, T 



(5) 


tliat is, tlie IcnigUi of the line rd may he found by taking 
the latent lieal of valiorization r and dividing by the 
absolute temiieratun- eorresponding to t. 
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The area under the curve ed repre«.nte the heat 

added during ^ therefore represents 

The area un 

"rTy r Nation ofThl” dr^Iare” point may 

‘irr:l ttteen the water-iine and the dry 

:"h « given in the steam-tahies; to 

t righi of the dry-steam curve lies the region of 

superheated steam. ..„ter-line” and 

o iTeanf''L located, and knowing the temperature 
," « steam, it is simply necessary to draw the hon- 
ontriine ed and drop the two perpendiculars e/ and 
Z and the tangent ej; then the diagram gives at once 


q, T, A, <?,f,T,andc. 


1 c in Fig. 17 represent tiic state point of a pounc 
c,f water in a boiler under the pressure p corresponding . 

the teinperatuie L A In ^ 

water vaporizes and the state, i)oni 

• t .it, M th(' area under eM represents th 

.parVmderM, 
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n‘i)ros(‘nts the whirh inusi he abided to complete 
tli('vaporization. That is, for tlu'coniplc'tc'change from 
water to dry steam tiu' stat(‘ point trav(4s (lu^ distance 
ed, and to vaporizt' oih' half it would trav(4 one Iialf 
th(‘ distamay (4(‘. Hum if .1/ rt‘pn‘S(mts tlu' momentary 
position of tlu^ stat(' poiiit^ tlu‘ ratio eM -yvd will n^prcs 
S(mt tlu‘ fractioiial part-of tlu' watta* already vaporized; 



that is, tlu^ drym^ss of the mixtun*, x, is givcm by 



fh mee if tlu‘ line rd is divided into any convenient 
mimlHU' of fMpial parts (say 10) thc‘ value* i earn he* read 
direetly from the ediart as soon as the position of the 
state* point .1/ is known. In Tig. 17, for (example,. 
Xm O.df). 
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Furthermore, the value of the entropy at M is repre¬ 
sented by that of the liquid at e and the xth part of 
the entropy of vaporization, or 




TmTm _ 

Tm ’ 


and the total heat at M equals the heat of the liquid 
plus the xth part of the heat of vaporization, or 

and is represented by the area OaeMN. 

T 

In a similar way the distance ^ for several tem¬ 
peratures can be divided into the same number of 
equal parts, and then if all these corresponding points 
are connected by smooth curves, each curve will repre¬ 
sent a change during which the fractional part of the 
water vaporized is constant. These are known as the 
x-curves. . 

In place of having separate scales of pressure and 
temperature for the ordinates of the T^-diagram, 
it is often convenient to take the values of p and t from 
the steam-tables and to plot Regnault’s pressure- 
temperature curve in the second quadrant, as shown in 
Fig. 18. 

Then given any pressure Pt the corresponding tem¬ 
perature may be found as indicated or vice versa. 



Fia. 18. 

tion will be indicated by the point 1. Its volume may 
be found from the steam-tables by use of the formula 


V^XU+ff. 
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To find tlio ku'ation of tin* .-taft* ['(/int M at anyotli 
pressure s<» that i\i prtn’rcd a^* ti^llnw^: 


Draw th(' axis of \ailumi* 

"11"- 

ite ft 

* th.at of tel 

{)eratiir(* and lay off along 

(h- ih, 

!• di I; 

lUei* ( eip 

to th(‘ v{)luine of one pound 

111' \\;i 

I eis 

d he wariatio 

of (T with t may 1 h* neghadi’i 

i aiiii 

e :.et 

e« jiial t«i 0.0 

euhie feet. Draw it it. Pro 

jirt //, 

and 

a "u f 

(/;-axis, and from tla* latter 

puint 

la\‘ o: 

IT tlie di>tan 

w.s'i (H|ual to the V(»hime ot 

one ] 

poiiiiii 

I {»f sal Ural I 

st(‘am as gi\aai in the >teani 

lahlr I 

ff a* /|' 

Pndong t' 

p<‘rp(‘!ulic’ular from until it iuier.^ 

.f*r|s . 

at «y. ( u 


nc^et tliis last piiint witli Tlti - lint* alaiws t! 
iiua’t'use of th(^ voluino and tht* «iifrnj«\ durini^ \apM; 
zatioii. Projort j\ upon Hy and ooniiniif until 
int(‘rs(Tts (lit* r</j-(au‘ve a! r. dlion /ir .lyp anti ar j\ 
'I'fr, /y dlirtnii^h e drau //»/ paralh*! |u r^y. I>or ai 
pr(\ssun^ draw tljo (’nrrrspdndiiiit syrtirxo ,,,, at 
when' this intersta’ts //// tin* vtiluiiie will \h* r,* j\ 
•|a;. Projeeded up this intoraarfH fh** i>t»thmual 
in giving; tlte desinsl tirynia^s I’rntiion ay. Pnint.s 
and d have tin* satne vt4u!iit' i\. tatier pninf>, 

2, (‘t(\» may la* fotind ami roiiiierlrd \ut!i a mihhs 
eurven This will intersect thf* dr\ ‘ftaiiu liuv at m.u 
poitit .y Cj. In this maiimi* aiiiiilar euiisfaiif vi 
uiiH' (nirvt's {’an eonstnielmt tu «’o\er flic anti 
diagram. 

h^uppijse it is nspiin’d to find the heat nert-su] 
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to (‘:uis(‘ a aliani.!;(‘ iVtun sonu' point L lo an adjacent 
point L i (!L. Ion;. Id.t 

xr /'f'ilT xr 
c/> ii • .J, j > 

nlT X r xr 

(/</^ rp : .jXlr 1 rpjU , 

(KJ nlT : xdr ; nix ,p(lT I [rxdT - rxdT) 

,nl xhITI nir \ .r(^r \ ’I'jIjilT. . (7) 

'I'o init'i'pn'l (he Insl Icrm iiniipiir this to 

occur aloiif^ the ilrv stciiiu line. 'I'hcn .r I iuul 
(/.)• 0, whence 

tlQ (c !'/'■,)(/7\ 7',/./.)- . . (7a) 


I’hc coinpurison of (his with cii- t2\ \>. ■!, shows that; 
I is tlie “spccilic lient " <ir (Iry-sntunilcd steam, 


or 


I, r 


,lr 

,/T 


(S' 


'*rhn diufi^raiu shows at niicc^ that- li is ncpitive, i,o. 
to lunvo along tho dry stnam Uiu' willi ituarasing Uan- 
pcndnrt‘ la^at nuist 1 h‘ rejected. 

l*dher luis a positive valut* for II d'liis signifies that 
the satnrattal vapor line for (‘tluT slants to the right 
instead to the leit. 
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Him found that strain (’ondiaiscal u])on adiahatii* 
(‘Xpansion and Cazin that it did not (‘ond(‘ns(‘ upon 
(•ompr(‘ssion. Tlu' r(\ason for this is at onro rlrar from 
Fi^. 19. h]xpandin^ from a tlu* n'vcu'sihk* adial>ati(‘ 



lin(‘ for wat(‘r (Uifs suc’rrssivc’ly “ .r Hiirs” do(’rra>iti|i; 
valur, showing rondrnsal ion, (’oniprrss(‘d adiahatir- 
ally from u thr strain would at oia'r hrrotur : uprr- 
luadiHl. I‘!xa(‘tly thr rrvm’sr otauirs uifh rthrr, I'on- 
(kmsation ocaairring during adiahatir roiiiprrs.si<iiu auprr 
heading during caxpansiou. 

If wate^r is peTinittrd to rxpand adiahatif’ally frorii 
h it is partially vaporizeah as slaavn by thr adiahatie* 
line cutting inermsing values of /. Similarly if very 
wrt stixim is compressed it ca)ndenses. 
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An inspection of the x-cnrvcs n(‘ar the value x=0.5 
shows that they change from convex to concave and 
tliat it is thus possil)l(' witli water for the reversible 
adiabalit^ to cut an .r-curve twic'c at different tempera¬ 
tures, as at- c and d; i.e., it is jiossible at the end of an 
is(‘ntropic ('xpansion to have the same, value of x as at 
the beginning. Thus 


9l ^1+ m ' (’2 + rp , 

* i ^2 


0 , ^^ 0 , 


ConscHiiunitly tlien^ must exist some adiabatic which 
is tang(uit to this x mrxi\ Al)ov(‘ the point of tan- 
gency tli(‘ slants to th(‘ riglit a.ud possesses a 

p(>sitiv(^ sp(‘(‘ilie hea.t, Inflow it. th(‘ (nirv(^ slants to the 
Icdt and has a n(‘p!;ativi‘ sp(Tili<‘. luait-. Tlu^ values of 
the specific luait abov(‘ and b(‘l()w th(‘ point of taii- 
g(m(‘y diminish in mag;nitud(' as tlu^ tangent is ap- 
proaclual and at tlu^ poiiit of ta.ng(‘ncy are identical 
and (‘(|ual to taxo] that is, just there th(^ tempera¬ 
ture may bc‘ rais('d witlmut th(i addition of hcixt because 
the chang(' is isentropic. 

If thc\s(' points of /.ero sp(^(‘ifi(‘. heat an^ det.ermirKHl 
for all the .r-curves and (^onn(T.t(Hi l)y the smooth curve 
MNj tlu! chart is divi<l(‘d into two portions, such that 
to th(^ hdt of MN thespccifH‘. heats along thorrdines are 
positive, isentropie (expansion will be accompanied 
by vaporization, and to the right of MN the specific 
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hoixts Jin’* n(‘f![jiijuul <‘\p.iiHi(Ui will lu* 

ji(*i‘()nipjin*H‘d bv i^ni. iln* 1/A is 

known jis tlu^ z(‘n>-rnrvt‘. 

So far w(‘ 1 kiv(‘ looatrd /a v, 1\ </san»l.r. and inakf 
th(‘ d(4inition of tin* point coniph'to if i: nnly ihh*p sary 
to drjiw a (’urvt‘ of cnnstanl inti'iu: i(* onrriyx. This 
(‘ouldlaMloiadjy solviiia:/'/i /T /'d ‘’ta.. ‘ 

-f-jy/n </;, i ottn, for tlu‘ pl'upia* \alut*^ uf .r alul 

(*oniu‘(‘{ing Iht'st* by :i sniootli curxo. llu:* wnuid br 
wry hiborious, jis Ihon* dors not o'ria in br any mia. 
V('iru‘nt grjiphical (’oinlrurti«an !'orfunairl_\ it i' yu'- 
sibl(‘ not to draw llir isodynaniir rur\r'. !nit tn find 
jin jiH'ji whioh rf‘prrM‘nts I hr \ahir *7 ihr iuirin ir 
onorgy for juiy slato pt»inl and ai I hr ainr tiinr in 
divid(‘ r into two an-a propnrtional lr /» and ,1/ri 
n‘Sp(‘(divt*!y. 

Th(‘ first fuiulanaatlal lira! r»|Uat!on 


d(J 




ilr 

r 


l)(‘ConH‘s, whon naidr ft* rt»nfnriii to ihr limitations i»f 
ilH‘ first jind scaamd laws uf thrrnmiix naiuirs. 


(IQ 



dr. 


This is npplitsablr to tia* mar of saliinitrd \:ipi*rs 
l)(a*JlUS(' flu* stJltr ptrmf i> mii*|Url\ drfiir-d b\ ihr 
inters(‘(’tion of tin* toniprndurr juid xidninr nnara. 
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ICquatiiii’’ t!ir i’nrHicif'nt (»f Hu' last (t‘nns, 



a n^latiuii-hip wliirh linU.s ^ntid fur aay n^via-sihlo 
(*!iuna;t’. Ihiriiia; tiu^ pr(H’i‘ss of (‘vaporalinn T i*’ a 
(aajslant and 



^ 4 m^lp 

or A I .i.,. 

u dr 


, . (10) 


wluau’n 


r p r I 

y'.//. Tuip 

dT jnlT 


(lOfl) 


Lrl a t 'JO* 1 h‘ till* pn'ml of whiali tla* inirinsic 
(iinry.v i’- tn In* tjhtaiiird, is th{‘ (’nrr(\spr)nt|in‘!; ))rt\s- 
sun*. (E t>n Itrynault’s 7’/>unirvt‘ draw (Ik* (an- 

uJJ. l^'nan similar trian|d«‘-'^ it ia cvitlcnt that 


(!k‘ suhfani'fUil tn|ua!s p< 


dT 


dp 


Draw 57; parallel (o a'a. 


d'hru fht* rt'ctanalu niml has (lin nn*a ^ ,,, Apii 

dp I 

(saa aq. lOu). 

d'hat i u u5f’d raprasants fha rxtarnal laatf of vapori- 
and I ha n*. I uf i\ immaly 5r/,/, must acjual p, 
llama* tha infrinsir anari^y nf (Ik* point a is givan by 


(hjdLii k^krhj q f />, 



50 T!U: T'/M . \ i ; W i ni. 

Tf *1/ n‘pn‘S<*n!s fhf* pnini 

(t M ?' ■'' Mf ^ • 

dfU-’, .''ifj', 

Jliul I'' •>! '/ *’ ’■ 

If ior <Nic‘h point n “f ilir .!r\ i» to lim* a OMnv p 
iiif!; point c, wliifli «!i\!(i« - lia* ao "!ufr if'niprr; 

rl 



I a. :i). 

into t\V(» part^j propiirlionat fo :ii:4 i -»,■?» tii 
tli(* (‘urvc* rr will !a* linaito*! ’! i.i' riif-*, ■ #. |,u 

onn* for all, tin* intriii^itTiir4pv at :iu\ pMi!.t 1/r,i 
found liy dniwini^ tta* i^ufhiTinal Mif uu^l !}•»' a-iial 
dk uiul *1/an At r, tlio point t»l iuiri arfai! *4 n‘"„ 
v(% draw tho isotlHaimd rn. Aini ihiduipj^ y}%,- 
de^sinul valmn 
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T!ie t(7iiiH‘rutur<M*Hfntpy diaij^nini for steam thus 
enables one to find dinayly t!u‘ following (fuaniities: 

/), t, \\ K, c/>, .r, r, h, x, q, r, .i, /i, , and Apu. That 

is, tlu‘ tiiagram is (‘qiuvalon! to a st7 of st(‘anidal)l(\s 
anil in stHUi‘ ways supta'ior in thimi in that it t‘nablt\s 
(UH' to (Tiain a (‘oinprohtMisivo id(‘a t)f th<' (‘hang{\s 
taking phua* Iniwi'an thoso t|uantitii's. 

i.et the eurvt* .1/V in I"ig. 2i n*pr(‘S(‘nt lh<‘ 7k/>™pro- 



je(dion of samie revf»rsi!>h* eliangia During tlu' rliangc^ 
MX tlana* lias been atltliMl from souh* «‘Xtt‘rnal sourta^ 
tlie amount tif heat d/Adino At th<* same* lime tlu^ 
intriiadi’ taiergy has imu'easeil from Otjnhcnd) to 
the incmaira* being slmwu by tin* anai 
mivlninrhti. The area MifnniM is caanmon to both tlie 
heat adilial and the inereasc^ of intrinsie encTgy, and 
as thf* naiiaining part <d t!u‘ intrinsii* ent^rgy im-naisc*, 
ndei.l/f'/an is gnaiti*r than tla* laanaining portion of tlie 
heat nthhai, oX'/d it hTows that llie lieat uditeil d<H\H 
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u,/; i M. 


I rn:! 

not (‘qual tlH‘ im‘n*a-v nf iithTu;!! rf;t*rH\ aiui hrtirr 
an amount of work luu-i ka^*' * ‘’n- r!0''0 n|.ofi ihr 

suhatamr oqual to lla* kiraT. o: ora -! li-. ,■ !u.. 

surra(M‘s; i.o., tlio oximial wtai. priMiiia-kl upmh th** 

subslanco (M|ual'^ Of/f /1/« "‘o I/.. lii«'oar*M ina\ ha 

found ivadily with a plauiuiriar. 

Thv iH‘rfonnanta‘ o! avi.-rual w»il n|M»n llio nh- 

atant‘o inii^ht lia\i* hatai |M!-rO*!d at <'!ici' Iimih iha 

diaji;ranu hac\am-o tla* \nlinna mI \ i !•' and ila* ]»r«*:■■..■ 
sum gmator than that !*'r 1/. 

k'ili;. 2'd n‘pro'*‘iU ' amalaa iif-a - : i-aar ihk* .dian‘a*. 

I)uring thn t ran 4* a !i}at a »n h\, \ i a>!da*i ihr 



luxit .1/Aho/i, and t!i»‘ iiUiii.' a' r?., laa- Iimhi 

(hjahnai) at M !•» a,f \ 1 h* pa i a at 

(^ !:■’= I’ontfia'U t*' h‘*th, aJ.'l Ji/liL u' 

at ,V will ho lU'oator i<{ i» \i.aii i* . • a U ouo/^ 
astlioaroa i/aoo i yo-atri .a !» P o ilo i . ' « ‘ ■. 
lilt* iiiairiiitndo and uoi <•! hm i;’ -oa*- j ..o. hi hi’ 

t(i'nant‘t! oaoh linto h\ ila* u ** *'i < !• i 




N.t / / !:a i'i n N/'/V.i.u 


59 


In -2, h'n 'h\n: this incn'ust' of inUniuil 

(‘lun'ixv nun;! li:i\t‘ nonii* from thn linat athh^d, and 
suhtrai*tin,'!: thi'. <riiYiTrut’t‘ frnm lla* ttstal lu'ai adih^l 
will id\<* th<* ainnun! ninninin^ ha* (‘\l{‘rnal work. 
'This is pti'-iti\in {hr cast* shown, as was to lHM‘Xp(M*t(‘d, 
as thr prossun* has falhai and (hr volunir inrroas(Ml. 

In t'n-i* tlu'n* uas a dofmasr in tlu‘ int(‘rnal (ai(‘r<>;y 
that arm utmld !H*od to lu' adtltnl to th(‘ heat an^a in 
(»rdrr to t»hfain flit* (‘\trrnal work porforincMh 

llavini^ Iranird In ronstnud and int(‘rpnd tlu' 7h/>- 
diai^rafu for saturatod \apors wn must now n'snnie 
oiK't* ninrt‘ thr main (htjoid (h* our inv<\sli|i:ati(jn, nainnly, 
to tintl tla‘ l«H-a!i<»n in ihr 7’<p plants of any rurv<‘ |i;iv(‘n 
in thn pr piano nr mVo rfivn, so that uo may (‘Vimtually 
ho ahlo to iinoMiiuito tlio aotion of a stoaimnni^iru^ from 
both its inilioatiU' and its tomporalun‘ (mtropy diagrartus. 
In tlH‘ m-o of porfoot yasu-; if was possihlo to us(‘ 
(Uio of tho fundainontal hoat (‘puations and thus obtain 
a siuiplo aualytioal oxprossion wlTudi could bo (‘asily 
plidbnl; for saturatod stoann howov<a\ this proctNss isdoo 
f’uiuborsofno to l)o of any .’•^i’vii'o. lujrtunattdy tho 
^raphicad method cilTors a stdutiou both sitnpk' and 
olf*|.^au!. 

Ill comlruoling tho YVodiagram W(^ hav<‘ already 
inadu uso of tiu* first, sooomi, and fotirlh t{uadrant<s 
express T<S pt, and n/i variations n\spo{div(‘ly. atul now 
we* have but to take* tho thinl or /uMpiadrant mul the 
diagram is ecmtplefo. 
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The saturation cxarve, or curve of constant steam- 
weight ah in the pr-plane, is depicted by the dry-steam 
curve a'V in the Ti^-plane, Fig. 23. The method of 
obtaining corresponding points aa' and bV is shown 
by the projection through the point and h^ of the 
pT-curve. Aa and Bh show the increase in volume of a 
pound of H 2 O in vaporizing under the constant pres¬ 
sure Pa. and pfr respectively. This same increase of vol¬ 
ume is represented in the i^r-plane by the curves A''a'' 
and B”b" respectively. Now if only part of the pound 
is vaporized the actual volume will be indicated by 
the points, say, Xa and xt. By projection into the 
(^r-plane Xa" and Xb' are foimd. Another projection 
and we obtain Xa and Xb as the state points in the 
r^-plane corresponding to the points Xa and Xb in 
the pr-plane. 

Suppose the pressure and volume of a pound of 
steam have been determined for some particular part 
of the stroke by means of the indicator-card and steam 
measurements. Let Xa represent such a point. It is 
now desired to find the corresponding state point in 
the r^-plane. The procedure is as follows: 

Draw through Xa. the cmve of constant pressure Aa 
and determine by projection its- location A'a' and 
A"a" in the and ^r-planes respectively. Then 
project Xa to Xa" and finally xd' to xj and the desired 
determination is finished. 

As a further problem suppose it is desired to locate 
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on iho 7'«/»i»lane \hv vm\(^ of consiant volunu^ ^VV* 
Thv point j\, is alroatly locattMl ni xj, 1\) loratci 
Xr draw />7^ ami liml its projt^ctions at />7/ and /)'7/7 
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Tluai project Xr \o x/^ and finally (o x/, Thn two 
(‘ud-pninfs of the c*urvo hoing d(‘tormin(‘d, any inU'r- 
nualiato. point as x,| will Go. locaifed in th<‘ sani<‘ nuuau^r 
m ahovviL Thua aft or a suflicitait nunibcr of points 
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an' lorattnl, tlu' mirvr of conslaiil may 

1)0 <lra\vn. Xaturally if tho oliart is aln'aily pnn'idiHl 
with ('onstaiit volunu' our\'os this otaistrua!ion wtnihl 
1)(‘ uniK'ot'ssary. 

Passing now to th(‘ most paua-al prohlom (‘onsiilta* 
th(' <‘urv(' LMS and snpposr its {‘qna{i(*n in thn pv- 
plane' to 1 h' pr'^ d’his would (‘orrospiaiti to fhn 

e'XpansiomliiH* of aei indiaatnr-oard. It dts-irod to 
find the* proj<‘otion of this curxt* in tin* 7’d»-plano. 
dlu' probh'Ui n*solve‘S simply into tho looaUi»n of a 
sutru‘i('ut- riumhor eh stalo points, thi'ombi whirh a 
smooth (‘urv(* is hnally to lx* drawn, do lt»oaio /.^ J/, 
and A ])rojo(d tlu'in on to tho o«irit'Spnndinir \tdima' 
curve's aPddh //drd and nf tho 

d/'‘\ and A’^^^aiui tlaai linalty pntjoci u*//. 1/d and A'd 
dd) [inipta'ly dop*rmino tho omwf* .M»mo inforni<*diat(' 
point as K may l>o norossarv- 
The General Method of Representini; JE and ild 
Th(‘ nu'thod just oxplaitiod is simplo in applir.atit^i 
hut is cotiliiu'd to saturattnl vapor' alono. If is. how' 
(‘Vt'r, possible by a lino of nsaomim^ Minilar to that 
adopteal for pt*rfoot gasos, to tltWrh>p a inolhod t»f ropro- 
sontin,^ JK atal It' wdiiedi may bo appliixl to .afnratod 
and sup<‘rh(*atod vapors aliko 

Suppose' it is de*sirod p^ tind /vi, j\\p>i and // for 
a pound of saturated wapor who-r >iafr pninf i. a! A 
(Fipn 21). ddiremi^h p and A elraw the i nduiamio 
curve's 0 and h j c, ro-prof i\idxn and a! o ihaw 
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tlie curve uf consiaut vulunu‘ Tj c iiiicnscciing — O 
in (lu‘ p(iint (\ During t!u^ (‘t>nstant volumcj change 
nu (^x(t‘rnal work is pta'lornunl so that the area 7icAmn 
r(‘pr(‘S{aiis !h(‘ iiu‘n‘asi‘ of inh‘rnal (sun*gv in going from 
(j (o J, and lu‘iu‘e is (Mjual {o 7,, I r/; i 

It is possihit* to dividi' (his area into two parts repre¬ 
senting ((a niid rgii r(‘sp(H‘tiv{‘l3’", by finding tlu^ inter¬ 
section /> td* tlu* isn<lynami(‘ Eu drawn tln'ough a, 



Vhu 21 , 

witli tht* ronstantr vohinu^ (‘urvi^ /ID. Draw the ))er- 
pcaidicular />/. d1u*n ar{‘a, r/>7//. r(‘pres(ads th(‘, luait of 
lh(‘ li^piid (/a, and ar(\a n‘pn\sc‘nts tlui intrinsic 

(‘Uia'gy of vaporization xp, 

Siiaa' tlu‘ area. OgttAniO iv\nv^{miH tlu^ total luxit Ha 
(Hjual to (jn I .re j l^xAjiu it follows (hat tlu' difhn'cnce 
b(‘tw(‘(’n these two areas, or tlu* anal OijaAihiO, must 
represent the extiaiia! heat of vaporization. 

Fig. 2l i!lustra((‘d tin* sp(‘<*ial problem of n^present- 
ing tlie (piantiticss of tlu^ st(‘am tablets by assuming the 
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substance to s(art from fn*tizing an<l (o n^ach tlu‘ sfate 
point A by trav(‘lliug along tlu* ciirvt‘ f/a*!, and is readily 
seen to represcait a sptnaal cast^ of tlie more gema-al 
problem illustratt‘d in lug. do. 



Let it be reqtnrtMl to find and 

for any gcnua^al process su(‘h us AH. Draw tlirough A 
th(^ Lsodynamif^ (uirve .ID and through H tlu‘ (‘oristaut 
vcdunie curve !i(^ inftu-serfing af D. I'lnai if flu‘ vapor 
be assununl io undtu'go (lie process (7>h the iucn^nst* in 
intrinsic tUH‘rgy Eji — Ka be rt‘pn*se!itt‘d by an‘a 
Clilfc. And as (Jah repr(*si‘nted Iw area A Hint, tlu* 
hc^at. (‘qtiivahmt of llu^ t\\ttaiial \vt)rk must be reprt*- 
scmted by an*a AHt^ra. 

It is tru<‘ tliad tlie isodynaniic tlinmgji tj cannot be 
drawn witlunit knt)wli‘<lgt* of t!ie prciperties td wafer 
vapor in contacd. with ico^ Init fins dofs lag alTect tlie 
validity of this nudhod as applied to the geiuu’id vmu 
just dlscausstHl. 



C^ITAFTER IV. 


THE TEMPERATURE ENTROPY DIAGRAM FOR SUPER- 
HEATED VAPORS. 

Thk analytical tnaitiuent of superheated vapors, such 
as stt\ain, anunonia, suli)hurous anhydride, etc., is 
luon^ eoinplicatcd than that of perfect gases for two 
r(‘asons: 

(1) Tilt* eharaetta'istic. (‘([uations are more com¬ 
plicated and l)\d impta'fectly known; and 

(2) 'ria^ spcH’ifit^ }u‘at at constant })ressure and con¬ 
stant volume are no long(‘r (‘onstant but follow com- 
pbu^atcHl laws, unknown in most cases and but imper¬ 
fectly known in others. 

At Win pn\s(aii time^ two diff(‘rcmt eciuations arc being 
used for supt'rlu^atiMl stc^am. Thus Slodola in his 
Sleam Turbines mak(\s us(^ of the Rattelli-Tumlirz 
e<iuation p(a T0^35)- oV).rf, while Peabody has based 
his new Entropy Tablets upon the equation of Knob- 
laindu Lin<l(v and KIcbe, 

pv^ 8 ry.Sr>T- 2 >{l } O.OOOOOOTf);;)(—*^^^'—-0.0833). 

A s'nuplifuHi form of tho latter, which docs not differ 

from this by more than 0.8 per cent., has the same 
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form as (lu‘ Bat((‘lli™'rumlir/. hul ditTmiit xaihu's for 
the constants, \'iz., 

jh r i O.LMh' s:>.s:> 7 \ 

Of the many (Ich'rminalinns oi't'-, thr iv-'-uhs of only 
two S(‘ts of ln\a‘stiyat<la o 1 \h' no(iro<l. d’hose 

ohiaint'tl by I'hoinas and Short, lu‘rauM‘ their \ahu*s 
an^ used in Idaibody’s Onlropy 'bablo','tmind tho.S'of 
IvnobIa.u(‘li and Jakoh^ as tlu‘ir vaha*'? vaia'most eloselv 
in accordanct^ with th(‘ortdiea! prediet ions: 
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To (ibtaiu tli'* n'tjuinnl (o siip(‘rlu':ii at constant 
pri'ssuro U‘‘ nni. i i 'ului' kiu)\v how Cp varies with the 
h'luporafun* at an\ ])ri‘ssur(^ and then integrate 

lilt* exprt*',-ion ij or ('Ise w(^ may do what 

is accnrah‘oiioui'.h for all tiigimaaing work—take a 
mean \a!no oi rp and assunu' this value to be main- 
taintd throiighoii! tlu* given ((‘inperaku’e range. 

Making the sain«‘ assumption wit.h reference to Cp 
the ineroa.-o in tail ropy <luring siip(‘rheat is given by 



In superlasatoil as in saturated sU'am increase in 
(‘ntrtJpy ntid internal ema-gy as W('1I as total lu^at added 
alt)Ug a Cijii tan! pnvsun* curv(‘^ aixmill m('asur(‘d from 
wafts' at ' Id a ; an arbitrary zta'o. Thus if a pound 
of wafer af Id is conliiu^d mid(‘r a pr(\ssure of p 
pounds per stpian* loo(» aiul is t.luai ht\‘it('d to a tem- 
perafurt* T corresponilinp; to this pn'ssun*^ m^xt vaporized 
at eousfanl prewairej and finally supin’lKaitiMl at constant 
pi*es.'Urt‘ to sonn* fma! ftmiperaturc* 7^., w(^ may t^x])ress 
the changes in its entropy^ and iid.t*rnal energy and the 
total hi*af. addl'd by tlu' fminufa^, 

j'f j 

Q JI q\jr\Cp(:i\^-T) 

AH q t J\n \ Cp(l\-T)-Ap(v-s). 
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Tli(' first term of eacli expression refers to tin' wamv- 
ing of the water, the seeoiul lo its vaporization, and 
the rc'st to the process of superheating. Of cours(‘, 
when the steam is sui)erhea(i‘il .r 1. 

There is no nu'thod of nuxisuring <lireetly the increase 
in internal eiu'rgy during vaporization or during supt'r- 
heating at constant pressure, so that in both eases we 
are forci'd to fall back upon (Ik' first law of thermo¬ 
dynamics Q A{JE i HO, and measun; Q and .dH', 
thus o])taining AJK indirectly. 'I'hus p r — Apu, aiul 
similarly thi' increases of intm-nal tmi'rgy from a eoiulifion 
of dry steam to any degree of superheat (‘(pials 0 —.411' 
=:=r„(7V-'/’)-0p(a-s). 

T1h‘ ubovci (Hiuations rotnlmunl with those for deter¬ 
mining th(^ sp(H*ific volume, 

r .Oin for saturated sti^iun 

and pv So.Ko'r —0.2r)()p for superheated steam, 

mak(‘ it possihl(‘ to solvt* all heat and work problems 
involving changes of tamdititm in superheatetl slt\am, 
or betwcHUi sattirated aiul stipi'rheatcfl steam. 

Construction of the Constant Pressure Curves in the 
7V)-Plane. -Starting at the dry-steam lint* (Fig. 2<;) at 
any pressun^. p <H)rrespont!ing t(^ the ttmiperatun‘ 7\ 
look up in the firtahlc* thci invm vnhiv of for this 
pressure, and, say, 50 dt‘grtH\s Hup(a-lu*at. Compute the 
value of 

£<pi ^Cpi 
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Taki^ fnim the (abh^ the mean value of Op for each 
successive 50 lU'grces and compute 


,, 1 


^<h=cp, log, 


T+150 

T+lOO’"' 


Oiinfinue this operation until a sufFicient number of 
points lias been determined to locate the curve with 



the desired accuracy. This operation must bo repeated 
until a sunicient number of lines has been accurately 
deti'rmined to permit of interpolation for the remainder. 

If a copy of th(^ entropy tal)le.s is at liand it may be 
UHC'd to plot thosc^ curves or portions of curves which 
fall within its limits. 

In giiiK'ral thesi; c.urves are about twice as steep as 
the water-line, as tlu; .spc'cific heat of water is about 
twice that of superheated steam. 
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Constniction of the Constant Volume Curves.-—It is 
possible from the fimdameiital rc'Iatiou 



togoiluT with ilio <*liarac((‘ristic (npuitiou for super- 
s((‘am and tlu^ (abit's of Cp^ to (U'Hvc^ (1) a,n ex- 
])r(‘ssion for the monumtary va.lui‘. of r,, in ((‘rms of 
th(‘ niouumtary valiuss of pj v, T, and Cp] or (2) an 
(^xpH'ssion for th(‘ mean valiu^ of e,, at any volume 
for a ^ivcni inen‘ast‘ in tiMuptxirlurc\ By sueh a nu^thud 
a table* (‘ould lu* (‘onstriu‘t(‘d for r*.. 

Until a tal)h* of va.lu(*s of r„ has l)(H‘n eompubul llu* 
sim{)li*st in(*th(Hl of (‘onstrueting tlu* eonslant volume 
curve's is as follows: 

vSubstitiite* the^ valuer of the* eh'sirc'd volume* in Uie* 
chara(‘te*ristie‘. e*eiuatie)n anel the'U soha* (he* e‘e[ua(ion 
to o!)tain the* pre*ssiir(*s e‘e)rre*spe)nding to a se'ih's of 
teinpe‘rature‘s 7b 1-50, 7b | 100, - . . hrom (lu^ 
pre*ssur(*s thus obtaine*d le)ok up (lie* e*orn*spon<ling 
t(‘itip(*ratur(*s of saturate'd sle'am and the* moan values 
of Cp be'tweM'U the* dry-ste‘am line* and 7b; 7b I aO, 
From the*se* data ceympute*, 

7b 7b 1 aO 

, 7b I 106 
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Plot tlH‘ trinpiTaturt^ against tluj corrosimding in- 
crrasr in t*nlrt*py along t!in roustani pn'ssuro curve from 
th(* tlrv stt‘ani lin<* up to Ihr giv('n point for (‘acli toin- 
pi'rature \ lug. 2< L T!u‘ (a)nslant. voUinu' (airve thus 



do!eniiiuf’tl will of course he sl(M‘p(*r tliaii the constant 
pressurt: curvi‘S hetauise (*„•" Cp and (iKax'forc 

Cl, log. rjy^<Cp 2^1 


The Win*k invoIv(‘d can h(^ much reduced by using 
the emtropy tables. Look und(‘r cacli value of entropy 
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for the (losin'd vdlume and read at onee the degrees 
superheat. Beyond tlie liniit.s (jf the fal>les the above 
method must be used. 

Isod 3 mamic Curves. Tin- isodynamie line for a 
perfeet gas eoineides with the isolliennal; for a mixture 
of a li(iuid and its vapor flu* divergenee is v<-ry great, 
the temperature along the isodynamie dropping rapidly 
as the entropy inen'ases; for suiH'rheated vapors which 
occupy an intermediate position tlu* isodynamie, ap¬ 
proaches more and more closely to the istithernud the 
further the state point is from tlu; dry-vapor lim*. 

To plot the isodynamie. li a (Idg. 2H) e.xtending 



from the saturatcil into the supurheatexi region wo 
liave 

E==-qi+Xipi^-q^+P‘i {•c,,{T,—T 2 ) -dpaB’—*a)- 
In the eaturate<l region the cjuality 
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may 1"' I'l'iaii;' ! I'T a ■ lUririctif number of tenipcra- 
turi':- tiy Ihi'Ku! • up ihr c.in-rsjiuudinji; (/ and p. 

Ill th.' -up. rh. attd ivyu.n it is lurc'ssary to find the 
jieinis af in!, r ••■■tiMn ot the isiMlyuamic, with several 
coiistuiit pfi' urn I'urvi-,.,, Hi,, process is cumbersome, 
as tile tniiip. Iai 111 !• I'an only lu' found by approxima¬ 
tion. 'I'liti- yiv.-n /', (• and p r, we have 

f- 'i ‘ p ! Ap{v — s), 

where everything i ■ Known i‘xci>pt 2\, v, and Cp. But 
from the charaeteri .tie eijuation 


Ho.Ha?’ 

■r. ..‘ —--0.256. 

P 


By combination we have 

hb-y i /. I <v7’.-'i')-il/>(~™-0.25G-s); 


whence 


f ^ (s-f-0.256)j3 

V'' 17h) • P ffg 




AsMttlur 'l\ litul take* tha fcuT<‘spoiuling mean, value 
of fmiii fh«* fahlo. If the*, left hand gives a value 
diflVrinp, frnm ,V try <dlu*r vahu\s of T^. 

Havini^ foiind tlu* tonipca*atures at the points of 
aai tla* pfants ran l)o at once located, provided 
thi* pros-uri* rurvoH arc aln^ady drawn, otherwise the 
corrc^puiiding tadr<)pioH must also be computed. 
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AiiotluT inctluxl, Fi,;;'. 20, invi)Iving le,ss (■oinputation, 
is to fuul the Viilues of A’ al several [toints aloiiji; a series 
of isotheniials and then by interpolation to eonneet 
corresponding values with smooth curves. 



^ -^ 

Fiu. VI. 

Ihsrf un.alely nuet if not .all problians ol•ellrri^i;l: in 
engiiuaa'in;'; praetiee can be aohed without the aid of 
•such curves, .so that they an- not found on the 
ordinary diagrams. 

It is thus [Hi.ssiblc to construct ii\'e .'efs of curves, 
one set etich for constant pre, ,-urc, volume, tempera- 
tun', entropy, and internal energy chang.e,:. As the 
inter.section of any two of thc.'c g.ivc ;i uniiiue loc-itiou 
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Ilf jM/uif. it ImIImu : al! livr fharartfristirs 

1h* iva«! liirrffly iVitni llif <!iar.nini as ftuai us any 
> ar{‘ kiH ‘\\ II. 

Projection of any Curve fiaun the to the 75/^- 
lue. TluU'f i I'raphioal lUftluMi ot jiniffdiin* so 
it tlif oiu'Vi* iiiU I bf i.lnfifd p(un{ h\ fHaiii hy 
niiai f!a‘ |a-f ur** and \nlumf a! tliO'S* pniuts*aiul 
fliiia tla* iiitfr t»t tin* sanio pressure and 

luuie fur\r in IIm' 7‘<y plane. I1ie curve ohiailietl 
fiiitneeUiu' ih‘' e p<iiiil will he au approximate r(*pres« 
t at inn of I he nrit^iftal. 'rihn melhnil must headoptetl, 
r examine, in the ea »* of any intlieator card wlita'e 
s'l’i* is Miperheated steam in the eyliiider alti‘r iuit^ofi. 



Graphical Method of Representing JA’ and IF.— 
[■’nllnwiiu.'; (lu* p.i'iionil lai’thnd oiitlincii for satiiniti'd 
•itcniii (III j)ji. tiO fi2, \V(‘ may ri'in’iwiii llu* viirious lioat 
fmictionM of any alntc jHiint (a.s ,t, m. .'$0) in th(i .super- 
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heated region. Draw through /I the con.stant pressure 
curve Aha and the conslant volume curve' Acd. Draw 
through h the constant volunu' curve vi,. Draw through 
points A, b, a, and (j the isodynamic curve's Eb, Ea, 
and Eg, cutting the ce)nst;int volume' e'urve r,^ in the 
points A, c, h, and d, respe'ctive'ly. Tlu'u wc have 
# 

II represcnte'el by area unde'r (j a h A, 

Ejb “ “ “ " dhcA, or ])y the 

sum of the aivaa unele-r e/n aiul unde'r h c. A ; 
WgA rt'pre'se'ideel I)y area 0 ij ah A cdtio, or by the 
are'ei a'a h /I c h i a'. 

In Fig. 31 led Ali n'prcsi'Ut any preie'c.ss wlnitetve'r 



which in oreler to be perfceetly ge'ncral b afisumeel to 
start with .super!u'ate*ei anel te> e-nei with saturate-el 
vapor. Draw threjugh A the ceinstant volume: curve 
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V and thnnif,!! li the isnilynamic intersecting 
at C. Tluni thr lu'at n'jectcil during the change AB 
is n'pn'seutfd liy tlu‘ nrea ABba, tlu' decrease in internal 
energy, d/)t’'ca, and the heat equiva¬ 

lent (if ilie work {lerformed u[i(in the substance by area 
Alihd’DA. 

Tu (ibtuiu th(' cKtenud work during any change 
nieasure the area under tlu' curve which represents the 
change with a planimeter. Then note by reference to 
the isodynainic lines the initial and tinal values of the 
internal eiu'rgy. Then AW--Q — AAE. 



CIIAPTI^R V. 


THE TEMl'EUA'rriUs I'lNl’KOPV IH\<a{AM: FOR THE 
FLOW OF FLFIUS. 

In (li'iilinfi; with Iluids in iimtitm wlu*n the volocity 
of any given mass varies from moment to monuaif^ it 
be(a>m(\s luaa'ssary to iiitroduet' a term for (lie kinetic 
Cinergy of translation into the matliematieul i‘Xpri\<sioa 
for (!u‘ eonsta’vation of eiua'gv. 

Su})pos(‘ an (‘xpansihit^ fluicl [a 1 h‘ ilowing tamtinually 
through a (‘oiultiil. of varying enjss section (Fig. 32 ). 



Fkj. an. 

If no external work is performe«! hy flje fluid ntluT 
than to push itself forward wt* kiitav ilia! all flu* eutayy 
carried out across section 2 must Ijc equal to lhai 
hrouglit- in a(a*oss S(‘ctinn 1 plus (he heat rereivetl by 
the fluid in its passage from I {i> 2 . If furthta* we 

assume the conduit to be construeted a piafts’t nou- 

7H 



Fijiw or 


eoiiiluctur (if lu'iit then Ih" imu'css is ntlialiatic and there 
iimsl exist the fdUnwinj.!; energy lialanec per pound, 


The increa-e in kinetic energy hclweeu the two 
seeliuns is fItci'chirc 

i’.* ifi II 

If the pniet-.-: is a-sunieil to he frietionless and there¬ 
fore in the tliei'modynaiuie sensi* revi'rsilile (s^'(^ p. xi 
of Inlroduetit.n I the expandon occurs at constant 
entropy. That i-s the .speeitie volume, temperature and 
internal eneray are found for any fyven i>re,ssure from 
the e.pintion for frietionle .( adiahutic expansion, 

pi'" eonstanl., 

where n k l.hl." for uir and other diatomic gases; 

n l.tKi.") ■ t).l()t).r for wet steam (a:= initial 
(juality’t; ‘ 

71 l.d to l.d.'l for .siipi'rhealed steam. 

If theji the pres.siire and volumt! at s('ction 1 . are 
repre.setitI’d hv point I in Idg. ■>■!, it^ follows that the 
specitie Volume for any lower priwiire may hi; found 
upon the nnistiuit entropy curve through I. Thus for 
pre.ssure /»•„> the volume is ;y>. 'I'his diagram thus eu‘>,bles 
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US to give a graphical inlerpr((tation to tlu' expression 
for the increase in kinetic eiu'rgy In'twia-n 1 and 2. 
The first term /p?’i is rt'prc'sented by the n'ctanglc; 01, 
the second term by tin* rectangles 02. The l;ust two 
terms togetlu'r nieasuri' the' decrease in infcmial energy 
between s{'ctions 1 and 2 and arc represented by the 



work performed during (his expansion, even if (“xpeiuled 


in producing self-acceleration, 'riierefon; /'d~A'; 



is r<!present('d by ilu^ area uiuha* tlu* ctiiaa; 12. The 
algebraic sum of the.s<; ditTenait areas shows tliat the 
increase in kinetic, (mergy during frictioide.ss, adiabatic 
flow Is rc'presented by tlu' area la'tweeu the expaiesion 
line and the pressure axis, or 


p-2 n 


n 

a •' 

n—1 
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This discnission, which up to this point has been per¬ 
fectly geiK'nil, must now bo carried on independently 
for each substanct'. 

Perfect Gases. - If it is possible to project each point 
of the pr-plaiH^ uniquely into the Tt/j-plane it follows 
that a give'll an-a in the one plane can be transferred 
to the other liy simply determining its boundary curves 



in tilt' two planes, d'he urea in the 7’</)-plan(' will then 
he the heat eipuvalent of the correspoiuling area in the 
pi’-plane. 

Let 12, Fig. .'it, he tht* 7V> pnijection of curve 12 in 
Fig. 32. The t'onstant-pressure curves through I and 2 
will intersect at intinily with the curve of zero volume 
St) that the cross-hatclieil area will reprc.sent the heat 
etiuivalent of the inerea.se of kiiu'tie ent'rgy. 

A .dig.ht trail.'format ion of the ahovt' formula makes 
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it possible to replace the infinite diagram by an equiva^ 
lent finite one (Fig. 35). Thus from 


72 

it follows that 

—ITa). 

F2 . 

A-J-^ is thus represented by the area under the 

zg 

constant pressure curve between the upper and lower 



temperature levels. Thus in expanding from 1 to 2 
the heat equivalent of the increase in kinetic energy is 
shown by the area under 12'. If the expansion is con¬ 
tinued to 3 the further increase in kinetic energy is 
shown under 2'3', while the total amount is shown 
under 13'. The same result might have been obtained 
from Fig. 34 by remembering that all the constant- 
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pressure' curve's for n pe'rf('(*t ^’as have exaeily tlui same 
tonn, so that. t.Iu^ (Uirve' 2''X) is an t'xact re'})re)(liictioii 
of 2co,an(l iherc'fore^ tlu^ total area under 1 minus that 
imde'r 2 h'aves tlu' an^a under 12'. 

An int.en'stin^’ (*omparison l)et\vt'en tlie flow of a 
porfe(‘t e;as and th(^ vi'hx'ily of a frei'ly falling Ixxly can 
be mad(‘ from this nu'thod e)f presentation. Imagine 
tlu^ (‘xpansion to eontimic^ until the final pressure 
becomes z('ro, wlu'u the. vohmu^ will l)e, infmit.c'. The 
kiiH'tie, (‘iiergy will then (‘pual CpTx. This rc'pn'sc'uts 
the total (‘uergy (‘xistingin spae(' at. I due. t.o tlu^ prese!K;o 
of tlu^ pound of gas, i.('., suppose ont^ pound of a,ir at 
Z(‘ro tianpt'raiun' could liavt'. Ihm'U insort(‘d into t.his 
spa.c(' at I undc'r pn'ssure a,nd then hcaited to Ti, 
the. total ('lu'rgy thus intr<t>duc('d would I)(wv7T- If 
tlu'U wt‘. n‘])n'S('nt this total lu'al. l)y IIj we, not.lco that 
tlu^ iiu'naise. in kim^tie (uu'rgy is ecpial to the dec.rease 
in total heat e)r 

77S-J//, wlu'nce 1''2- \^2f/-77iS*J// if 

It. is thus s(‘en that tla^ ^Motal h('a.t ” lu'ad (Mrzaui”- 
gungswarnu') plays the sanu^ ro!(‘ in tlu' acaaT'raXiou of 
fluid flow that gravitational lu'ad does in tluj (‘as(‘ of a 
frc'cly falling body. 

Saturated and Superheated Vapors. Hc'forc' proji'ct.- 
ing into tlu^ 7'c/>-plan(^ draw in the, liquid ((t) and’dry 
vapor (s) lini'S (Fig. 3ti). it is then s(‘c'u that the 



Fig. 37. 


superheated to the saturated region. That part of the 
diagram abed bounded by the liquid line, the adiabatic 
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expansion, aiul fho two jin'ssiin' (anwos, may be at once 
located in the 7’</>-planc as iudicat('d in Fif;;. ,‘57. The 
little rectani!;lc to the left of the li(nud line is retained 
in the Area dficil in the 7’>/)-plane is si'cii 

to be equal to I/t ■ lI->. aiul area Ichini, expressed in 

O'I 

ris ■ 


heat units is 


'I'lierefore 


ajY 

-!/ 


(pi-pAa 


778 


Now U ! i”. i is the total enerev (Frwnijpmgs- 

i I A 

wiirnit*^ rxisliui*; in nny dui‘ Ui prrstnic’n of 

!ht‘ jHiuntl uf NuliNtain’t* tnuinr thfNr (’mnlitimis. Tlie 
(lilTt’rnart* ill thi:; , pant* tiinyviliflVrs by the* amount 

' frtim fhn (lltlnmnrt* of ftUal Imnl.s (//i—-//a)* 

118 

Thus if I'i (b 


\ 2f477Si//| //;0 » '/f| /auaj 

*v. J[ 77 H// 1 y.i| \ L!t/- 778 ‘J//, approx. 

lIt‘ro iipbhu tho ** Ittlal rimryv ” pluys tho aanio rola 
m li ilofos witii thn prrftN’t yasioN, anti thus wmilar to 
iliat playotl by grautational tasaLiu ihn riy^oof a frenzy 
falhiiK body. 

Wo ran now at onrr writr out tlm formula rtajuirtxl 
fur rarh of tla* tlirc*f* aprria! nmvH. 
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(1) A • i=gi + ii'ir 1 - (/o - x->r2 I • -1', /> 1 - 

( 2 ) = 2 i +ri + c,.( 7 ’,s.,- 7 'i') -72-'‘2 

-rp(7\-T.A \ A{in-p-M 

(3) —Qi +?‘i -1-0'(7 'ki — 7'i') —— i -. 1 fy)) — ■p-2)a. 

For Uio sake of tliose wlio may prefer, aiialylical 
methods to graidiieal oiu's (he ordinary manner of 
deriving these formula' will hc' giv(‘n ih'xI. 

Starting from the fundamental (‘<jua(ion, 

72 

we must suhstitule in eaeli ease ilu' spei'ial values for 
volume and intc'rnal eiu-rgy and (hen eollert (onus 

( 1 ) - 4 -/(■'■!» 1 I <A-Appxpi-J: l-n) I 7, I Xi/ii—q., 

— .V>2fh2 

=-uY, -p:r ip 1 - i ■ -r 1 4 y) 1 //1 - 72—— ■>•2 -’I y <2" 2 

rr rr ^ i-lfyp-p.V 

l-.-Upi — p-AiT, 

(2) 2lJ;y--=y1/),(/’,-.S'I I n, I .r'l-.ty,..fr 2 ".sy. | (/.j-I-a) 

-!'7i l7n-72-7'2 i 0,(7’, 7 ’,) 

—/1y>i(ri—.s’l'l (7',.7’;.') | .tyofr^—.s' 2 ) 

~7i'lvn I .-lyuMi I ej,i 7 ’.., 7 ’il ’-72 -y^ 

— Ap2ii2~ (’iA7\;, 7’A ! Aipi— p-j;)(T. 

— Ill—If 2 i .1 ( pi Jli 
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S7 


(H) 


AJ 


]- 

-A 



■'-’I : «l : 

ii t .1 ji,t ! i/i ' /'I 

- 

'/i; ■' 


/\, / 1 > .l/i| 1 (■( .'■,1 

'/I 

i /'I : ■ 


r,'7\ 7’,> ./, ,r.v 

i 

• ll/'l 



//, 

11, 

• .1'/') 



If W(‘ (‘tmsidtT tht‘ f!<»\v fhrtJii-fji mk’Ii riin*luit ur 
n()zzl(‘ |{> 1 h* parf of a cnnf’umous ('vch* nf upta-aliun •, 
it l){Ma)in(‘s iH‘fi‘ssary to n-turu t!u‘ wafi’r In tiir* Imilna 
that is» to pump it haok ayahi from /«/ to pi, tho wnrk 
nH[uin‘d hoin'^ .ti/M Iloiioo if thi trrm 1 h* 

suhtrartod th(‘ difha'oiu’i* will roproaail thaf pari of 
tlu‘ inrr(\asi‘ in kinotir oni'rp,y whii’h i a\ailahl‘* for 
oxtornal work, aurh ar ilri\iuy fla* nuor t)f a turkiia*. 
d1uis^ 

Iii‘t 77Kj/i IIj\ 


Design of a Turbine No'//.le. SuppoM* iin\\ wl h 
to drsign a u<^/.xto ft> pt-rmif tla* flta\ tif (I puuud nf 
st(*am par ao('oiid, \t any (’ro‘> art ion of aira D 
ih(‘ iH*{‘oaxary and :a,d!iriont i‘oiidition for <’(*nfiimif\ 
of flow is that 


(/ 



r 


or 


F 


(/ 


r 

k' 


For any prossnro /w tlwro caan In* imly oia^ dofiidfo \;d!io 
for volo(*tty and ap^Malti^ V(»liiiito, \h,^ Id and r . and 



88 THE TEMPERATVnE-EXrnOI^Y DIAGRAM, 


lienee a uirKiiu' value of the an^a The value of 

Vx uiay be reaxl dinH'lly from the (‘()nsta.nt-voliune 
cairves; llic' valii(‘ of Vx niiisi (‘illHu* !h' (‘ompuit'd 
from ilu^ al)()V(' formula^ or ('ls(‘ tlu' ar(‘a nlAB 
measuRMl by planim(‘{('r and 1'.,. c‘onipub‘d from (haL 



In Fig. 3S l('t (Al/ b(‘ th(‘ /u’~proje(dion of the frie- 
tionless adial)a,tic flow ah, I.et *1/.V repn‘sent the rela¬ 
tive va,nations of speeifie volunu^ and V(‘lo(aly during 
this expa-nsion. Draw thc‘ lim* //// parallel to Ov and 
make Oy (‘([ual to (/. Tlaui at any point of tin* expan¬ 
sion as dj the volunu^ *IV nuF and tlH‘ vehxaty !'/ wf'. 
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ntnv nr ri.riDr. 

])ni\v 0(1" and imildii”: if ni'cnssary iinlil i( int(‘rs(>{-is yy 
in l'’nim fhn similar t riauj^lcs Oyl: an<l ()d"n it 
follows that 

yk:y(} (hi: ml" 

I >n r, 

or yk 

t<> runl Wu^ I»r(‘ssui*{‘ wln(‘h would ])e 
ohlaiiuMi a( any rrosr;. rction, lay ofT //A* draw U), 
litul proltaii^ until it MX in d'^ from (/"' drop 

ilie iHa’pnndi^nilar cf'/i and projcnd- d' Iru'k to d. 

TIh* a!nall(‘Ht rrosK s(*atitai, or tho throat of the 
nozzlt\ will lu* roat‘ht‘d \\h<‘n (dc is tangtait to MN, 
xiz,, Old, Kivinii; tlie value //A‘h 

Ah (di cuts tlie rT-euryt* hetwcnai K and N thc^ 
value of F iru’reases rapidly until at. X it l)(H‘om(‘s iuti- 
nite, w!ii(*!i agre(‘s uitli tla* irutial assuiiiption that 
0. It is iii lie noti<‘(*(l that IIh' throat, is n‘a(‘hed 
when the* pressurt* lias droppnl |o about O.hS I‘'roni 
(his point on tla* no'/zle flam,; in<h‘tinit<‘ly as long as 
thc^ bark preaHum is droppt'd. 

Constant Heat Curves, dla* fn’.paany with whieh 

the (*xpressiou AJ JIl | .t(/n p:»)a nmst- 1 k‘ 

(waltiated in turbine tlesign, aial tlie iin’onvenitan'e of 
solving for the tlnal quality by equating tlu^ entropies 
in onler to obtain II 2 has ina«le it advLsabh! to plot 
totalu‘nt‘rgy cuirves, II ! A pa eonsiant. In th(‘ rang(i 
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of conditions asiuilly mot with ilu^ Ic'nii Aptr is nogH- 
giblc, so that the total-energy curves i)raclically coincide 
with the constant heat enrves. (’an^ must he (ak(‘n, 
however, in cases of extremely high pn'ssurt's and w('t 
steam to he sure that d/xr is n'ally negligihlc. 'Tims 
at the upper pressure ((uoted in reahody’s Sit'ttni 
Tables for hot wat('r, 


f/=g=-I02.2B.T.U. and Ap,r 


ddhXllIX.OK) 

77.S 


OdHlo B.Tdh, 


or 11 differs from 77-1-hy 0.2") per c(‘nl. ai)})roxi- 
mately. 

Thus we have, in gcnn'ral, the following nhalion 
existing hetweem any two points of such a curv(“ 


II-h Ap(T~- ([i-]- S'p'i-]- A Jlia I >'ji{'I\~'I' 2 ) \'Ap-u 7 , 

while for all ordinary conditions reduces to 


IT-=^qi\sAri (/--l-ri; 1 r,,{T„-TA. 

To plot the curve in tlu' saturated n'gion a series of 

values for x from .r- must Ix' computed for a 

suflicicnt numher of diffenait temperalure.<. 

In the superheated region wi; must determine lla- 
j^oints of intersection of th(‘ desired eonsiani heat eurvi* 
with several constant-pressure curvi's (I'ig. 30;, hy 
means of the nhition 


If-(< 1 , i r,). 



FLOW OF FIAIDH 


As Cp is a variablo a faw I rials may lu* ntn'rssary habin* 
tlu‘ \'alu(‘ T.^ is ohlainafl. knawn, 

ilia point aau Ik* al <uu*(* loc‘a(ail up<ni (la* aorn^spoiuliiiL’; 
const ant -prt'ssun* curvi*. 

Tlu* (*()nstant-"h<‘ai curvc'S on(‘a lo{*at(nl (ni tlu^ dia¬ 



gram th(‘ sohitiori nn/./Ji* prnt4i‘in- fH’dam-i vta'V 
simpka (!ivf*n any ravai>ul4a adiahafia a\paii ton. us 

AH, Fig. dU, the vnlna of AJ,^ - is o!»tatiiad by rrnding 

tlu^ valuers of 7/4 and //// dirratly from tlia total Iiaat 


curves. 
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Peabody’s Temperature-entropy Tables.—^1 

this point that the practical value and great con^ 
of Peabody’s Entropy Tables become manifest 
tables cover that portion of the diagram ( 


714.9° 



between ^i = 1.52 and ^2 = 1.83 from the 
of our knowledge of saturated and superheater 
down to 85° F. In this region constant entro 
are drawn for each 0.01 of a unit of entropy. 
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lines are then crossed by a si-rit's of constant-pressure 
curves, so spaced that in the saturatt'd rt'gion they c(.)in- 
cido with isotheriuals spae(Hl oiu^ degn'c apart from 420° 
to 85°. The table tlu'u taI)ulaU‘s for us along each 
conatant-entrojjy line opposites each pressure curve 
the corresponding temperature of saturated sU'am, the 
(juality (i.(‘., <uther the. degrt'es superheat at constant 
pressure or the value of x), the specific volunu! couk 
puted from the characteristic eciuatiou for supc'rlu'ated 
steam or from a »0.0lfi 1 x(.s'—0.010) sus the case may 
bc^, aiul finally the value of the total heat U=(i-\-r 
+CpiT»-T) or //®>g+xr. 

The entropy table.s are then to be us('d in exa<d.ly 
the sanu' manner a.s tlui 7'</»-<liagram. Mach is (‘uteri'd 
by knowing the initial temperafure and |)re.ssure, or 
temperature and (juality. At this jioint the vahu's of 
V and // are notetl. 'rh(( eyi; then runs down the 
constant-cuitrojiy line or column until tlu; desin'd back 
pressure is found. At this point the tjuality, Hi)ecific 
volumt', and total heat art* read. 

Design of Nozzle for Frictionless Adiabatic Flow.— 
To illustrate the tise of the 'i'«/»-<liagram or of the entroi)y 
tables let us find tins throat and final diameter of a 
nozzle capable of delivtxing 10 H.P. lust in kinetic 
energy at t!»e final section. Assume th(! sti'am to be 
initially under 150 llw. alMoluto jicr S(juar(i inch and 
superheated 100° F., and tliat the discliargc is at 
atmosj)heric pr«‘Hsure. 
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The nozzle-^ must deliver 10X550 = 5500 ft.-lbs. of 
kinetic energy per second. Assuming the steam to 
be initmUy rest the kinetic energy delivered per 
pound of steam is 

. i|^=778(ffi -H 2 ) =778(1249.6-1068.1) 

= 141,200 ft.-lbs. per second. 

The amount of steam required per second is therefore 

KKOf) 

At the throat or minimum cross-section the pressure 
will have dropped to about 0.58 of its initial value or 
87 lbs. At the throat, therefore, the specific volume 
will be 5.319 cu. ft. and the total heat 1199.7 B.T.U. 

Hence 


7, = \/778X64.32(1249.6 -1200.4) =1569 ft. per sec. 


^ Gvt 0.03895X5.319 ^ ,, 

Ft-=-w = - r?F7i -=0.0001320 sq. ft. 

Vt 15o0 

I)iaj=0.1256 in. 


Similarly at the exit cross-section, 

V, = \/778 X 64.32(1249.6 -1068.1) = 3014 ft. per sec. 


Gve 0.03895X24.52 
Ve~ 3010 


: 0.0003170 sq. ft. 


and 


Diae =0.2408 in. 
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VWW OF FLUI^^ 

This (‘oniputatio!!, jis well ns the snifl^iiri^UuHl ou 
pages <S2 S-1, givt's no hlea as to the lengtlfi^.ith^^sczh'. 
However, (he exit eross-seetion wouUh’yii^il liliy'eU 

at such a distanet- from the throat as ti;f/^5ji,ke );h^llafn, 
of llu' no/.s'.h' agree with tlu' natural lltj^v^if tliji'^j^'C 
The [lortion leading up to (he throat must In- rouUtl^^ 
off into a smooth surfaee. ■''' 4 ' 

'I'he design of a nozzle for an a(’tual case, showing 
how to allow for friction los: es, will be taken up 
latt'r. 

Irreversible Adiabatic Processes. Ho far, in spc'uking 
of adiabatie lines, refenaua' has Ix'en math' only to 
revt'i'sihle pro('es.ses; that is, the expansion was frietion- 
less and wttrk was done at (he ex|tense of tht' internal 
energy either uptiii a piston ttr in imparting kint'tie 
energj’ to the moh'fules of (he exptuidiug fluitl. Hup- 
post' ntnv (hat (he .'uliiih.'die expansion oeeiirs through 
a porous plug (a.s in Kelvin and .loule’s exiit'riments 
with gases) so arrangt'tl that as soon as velocity dV is 
(h'velopeil, it is at once dissipated through friction into 
heat (IQ, whieli is returneil to (he hotly at tht* lt)wt‘r 
pressurt! ji -dp. 'I’lit; first ttperation is ritversihle ami 
henee isentropie, tint latter is etjuivalent to (he athlition 
ttf the heat dQ from .some external .source anti hence 

dQ 

tint t'utropy increast's by the amount 

The actual ttperathm, Iherefori', ri'sults in a drop of 
pressurtt anti a growth of entropy without any inereaso 
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in velocity. Referring once more to the fimdamental 
equation for the flow of fluids, 

y2 

=PlW 1 — P2V2 +Si - S2, 

72 

we obtain, since ^^-=0 the result, 

’ 2g ' 

PlVi +Si =p2l^2 + S2, 

as the necessary relation between any two conditions 
of the fluid for such a completely irreversible process 
as flow without increase of velocity or the performance 
of outside work other than that required to crowd the 
substance into a new space. 

Irreversible Adiabatic Expansion of a Perfect Gas.— 
In the case of perfect gas 

pv-^E —constant 

reduces to 

k 

= constant, or simply pr=constant, 

i.e., the adiabatic process representing expansion with 
complete friction loss is at the same time an isothermal 
and an isodynamic change. An adiabatic process is, 
therefore^ indeterminate unless specifically defined; 
if reversible it coincides with an isentrope; if absolutely 
irreversible, with a total energy curve which, in the 
case of perfect gases is also an isothermal; for all other 
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change's it oceuipies an intermediate position. (See 
pp. ix, X in the Introduetum.) 

Let Ali, Fig. n, ri'pn'sent sueh an irreversible 
adiabatic process. .\n entindy new interpretation must 
be given to the '/'(//-diagram for smdi proeessc's as this. 
Tlu' area under the eurvt! .1/^ no longer represents heat 
added from ('.xlernal sources (nor from any source), as 
no heat whateVcT has entered the body. An isotlu-rmal 
expansion of the ga.s has, however, oc(;urred without 



tlie perfonnaneo of external work with the result that 
pit <PA and Pit>VA- 

Tlie real signifieanee of the ehatigtt In'cnities apparent 
if we Iwar in mind Lord Kelvin’s .stati'UH'nt of tlm 
aeeunil law of tiiermodynamies (hat '* it is impt).s.sibIo 
by means of inanimate maU'rial agt'uey to ih'rive 
ineehanical effort from any portion of matter by cool¬ 
ing it b'low the leiijperaturc of the eoldest of surround¬ 
ing cjbjects." 

th-. tlotled line (Figs. 11 and 42) repnwnt the 
lowest available temperature, i.e., tliat <»f th<! atmoa- 



98 THE TEMPERATURE-ENTROPY DIAGRAM. 


phere in gas-engine work. The minimum available 
pressure in actual work would likewise be that of the 
atmosphere. 



Fig. 42. 


The work developed during isentropic expansion to 
atmospheric pressure would be 


and 



(£)-l 


©-1 


And since pava=Pbvb, pa=pb and pA>p3 it follows 
that WBb<WAa by the amount 


PBVs /pbYi,- (2^^. 

k—l\pB/ k — lxpAJ 

Therefore 


WAa-WBb = j^Ti[^^ 



n). 
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Furthrnuon*, whilt* tlii' work doiu' upon the substance 
as it outers the eyruuler or ntv/.y.le is the. same (paVa — 
PjP'h), "'"I'k reipiireil to exluuist it has increased 
by tlie aiuount 

Ah7’6-7’.d '''’7’'Vn-7’„). 

Tht' total loss in power resulting from the irreversible 
operation AH is tlierefort! 




A 


1 / i-fc t-jty 

. 


In other words, although the temperature was not 
changed and although no heat entered or U'ft the body 
during the ehang<*. AH, lawertheless, ilet■aus(^ of it, lu'at 
to the amount r,,(Ti. ’T.,) has lieen made non-available 
for (H'innl work. 

Theoretieally the Iti.ss in availability is not (piite so 
great. It i.s possible to conceive of till' expansion being 
<ai.rn.*d below the back pressure until thi' lowt'st avail- 
abh' temperature is reaeheil, i.e., from /» to c. 'lh(>n on 
tht” return .-Uroke the eharge eonkl he Isothermally 
eompresse.1 fr.ttu e tti a m that the extra work bat could 
be gaineil and the etirresptmding heat loss avoided 
(.see Fig. lU- 'kite total hetit made theoretically non- 
availablu wtaikl therefore hi represented by the area 
under s.ft., by 
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Suppose as a furlluT illusiralint! t!iaf llic upiTation 
AB wore inirochu'oii iiiio a cyflf iu wliirh all tht* other 
operations wen; reversible isnthi riuais an.! ailiabaties 
(Fig. 43 ). Th(! lu'at reeeivetl from some oiit-hiie .'iourei* 
is shown by the area utuler the reversible i-otherma! f'.t 
The heat rejected is that .shown by the .are.a nuder tie* 
reversible isuthtTiiial hr, while that rejeeted when the 
irreversible pro(‘e.s.s AH i.s eliiuinated Is .shown by the 
area undi'r ac. I'ln; In'st evhati.'Ued iluring the eyelu 



K).j. i:s. 


has thus been inerejuitHl by the atiioimi nhh'ti', which w 
equal to the tc>m{«;rature of e.vimus! tnullijtiled by tin* 
inertiase iu entropy tluriie,' tht' iu-eversible proi-eis 
Swinburne generalizf.H thif« re^tit in th*- fol!owiii<» words: 
“The increase of entntpy nuiitiplh'd !»>* the lowest 
temperature availabh* givis ih- eji.-r.»y tlj.’U either h.’u 
been already irrev<K;abiy ilt'.yr.a.leil ini.i h< at dmini; t!»> 
change iu question, «r must, .at Icjwt, U* d«|',r;Mied into 
heat in bringing the workinjt auletjiner bink fo the 
standard state, . . . (See p. xiii of Intr.wloriion.) 

Transmission of Compressed Air Through ~ 

Air delivered by a co»>prw.«r w hwite«i al«ve the u ni- 
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IH'mturo of th(> nfnu.si.lu'r(>. This excess of tempera¬ 
ture is soon Ii)st hy railiutiou in llie pipe hue and from 
thnt puint (in tlie Ihtw is practically isolhernml. There 
are, however, friction losses which re.sult in a drop of 
picssiut* thioui^luHtt th(‘ lini*. Ifoth oi I.Ir^sc processes 

HIV irrt'versihle .and both product' lo.ss of power_the 

first hy a direct nidiution ol he.af, tht* second hy a re¬ 



duction in availahiiity of the energy reiuaining in the 
air. 

In Fig. 'U let nh repre.sent the cooling at practically 
coiestant pres.sure in tht> fir.H(, part of the pipe lint;, and 
he repre.sent the irnn'crsihle {uliahath! e.xpauHion caused 
hy friction, if the air openitt‘.H a motor it cannot bo 
espatided helow atmo.spheri(( prc.Hsure. Th(*n adhf 
represent.^ the work which the air a.H d('!iv('red hy the 
compressor could have develop(>d during frictionless 
adiabatic expansion, while cehij repr{*,sent.s the work 
which the air as liiudly delivered at the motor is capable 
of prwluchtg during frictiotikw adiabatic expansion. 
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The total loss of power is thus shown iiy tlu* area 
adcctjfn. A more complete atialy-i'. of this problem 
will he given in the cliapter on air-compressors. 

Irreversible Adiabatic Expansion of Saturated andSuper- 
heated Vapors. In the case ol saturnteii ami .super¬ 
heated vapors the condition hir co!uplet««!y irreversiblo 
flow pv [ K con.stunf reduci-s to // = Ap,i constant. 
The. irreversible atliahatic therefore coincides with 
the eon.stant total-energy I'urve'. or approvimately with 
the curve' of constant total heat. Sueh a process ttccurs 
whenever steam pressure i'* loui-red ihrungh a redueing 
valve, when the pressure drops as steam pa- si-s Ihrougli 
the admission ami exhaust port , of an enyim*. m- wh«>n 
tlu' pressure dnsps tlu'onghoitl the h ni'ih ot .a pip** !iu(x 
From itsdirei't application in rcdm-iiiit xabes this process 
is tcclinically known as ihrofiiini', and the eonsfant 
total-energy curves are soim'times spoki-n o( a.s throttling 
curves {Drmxt'lkunrn). Here, a-s in perfect gases, tlu; 
adiabtitic process is found to !«• itidefinite unless flio 
law of friction hi-ss is simcified. When there i> no fried ion 
and jairt of thf* total I'liergy goes into work etr kitudic 
energy it t't»inciih*.s with an iM*ntr<>pi*’ priiceijs. W'lit'u 
the frietiem hiss i,s eoinplete* .so tltal m* aceeleralion oerurs 
it eoineidi's with a throtlling curxe. in rjw.s whore 
the friction lo.ss is only jiartiid, a * in tnrbiiio inwah'S, 
it oeenpies some inlertm-di.Hie posiiion. 

It shmihl Ih' nolic»-d that dttring throttling of natu- 
ratal steam thes nmisiure letid*. to evapemite nnd that 
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if the steam is nearly dry it may even Iktouic super- 
hentetl during tlie pn><-ess. We have found that for 
perfect gases the thnitt ling eurv(' repn'sents an iso¬ 
thermal process; therefore, tlu* further the throttling 
curves exteiul into the supt'rheated rc'gion the moni 
nearly hoivamtal they heeuna*, ajiproaehing the iso¬ 
thermal line us a limiting ease. 

Loss of Availability due to Throttling of Steam.-- 
isujipose a p(»und of steam to liave undergone an irre¬ 



versible change !)f conditioti AH, Kig. 15. Tn order to 
restore the steam ti» it.s ttiitial condition it must he 
compressed and heat iimst b* rejected. If it were com¬ 
pressed aditibntieally from H ttiCiind then isothermally 
fn»m (' U) .t there wouhl Ik* rejected an amount of 
heal ei{tud to the area uialer A{'. hlvhlently le.ss heat 
need b* rejected if .sonie path falling in.sidc of BOA 
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were utilizwl- Kvult’nfly, •! tlu* path along 
which the niimnmm anunitd df lu'ut woiiU he (^xliausted 
when B'A' represents (he hnvest availahle temperature. 
There would be no advantage in euntitiuing tlu‘ adia¬ 
batic expansion BH' 1m>!ow he<-.<iusi’ the sf(‘am could 
not be compressed isothermally at any haver tempera¬ 
ture than Tu', i.e., iM'fore heat eouhi ihtw out it would 
need to be compressetl back to B' ngaii» ndiahatically. 
The heat which is unavcndably lo.si in restoring tho 
steam from B to .1 Ls therefore equal to tlu* lowest 
available tcmiHTature multiplied by the growth of 
entropy during the ehniige AB. 

Problem 1. A tiirottling valve nnhtees steam pres¬ 
sure from 150 lbs. gauge to SO llw. g.’tuge. I'he nteam 
imtially contaiiusl I per eent. moisture. If the .steam 
is used by an engint' running at 2 lies, absolute back 
pressure, find the loss per ptmiul of sJteam caused by 
tho valve. 

Wo have (omitting Ape), 

?i« 4 . 7 + 0.99r 104 ,?» } r**.? h Cp(t »— 

or 

337.8 4-0.{K)XKr)(i.9»2W. j <800.7 » 323.0), 

whence Cjutf, 323 0) -1 M H. 


From the table of viilues «if *> itbinin 325.7 ns tin 
value of /, which sjnisfie.** thb e.iinainn 
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'riu-irforc, 


().r»-ja') i 0 . 119 X i.oaKi 


and tji-j 



T, 

I'p It tf!!!- ,p- 


0, It'ilH* I 1.1:509 I ..50X 
1.0079. 


io:5xlngu. 


78,5 

7<S3 


Thf f(*!!»]MTatiu't' (■iiiTf.>t{H(niting to 2 Ioh. aiwoluto w 
120,2” I’’. 'I'lit! Iti.'t,'! of availahlii ciit'rf'y caust'tl by this 
rciluciiig valve jiec jioimtl of Htcain Is llu'refore eijual t<» 

7'o/t.* t/‘i) (I2f'..2 i l.'.lt.r.)(1.0079-1.5.51:5) 

:i3.2 B.T.r. 


Prdikm 2. A I'mi! of jnju! clelivcrH «>i pouiuln of 
steam per hour. By meauH of trap.s and a .separator 
plaeeii ju.Ht abttve flu* throttle «'a ptnuulK of water arcs 
removed per ht>ur. Tla* .steam is thus praetleally dr)' 
at both enils of flie pipe. The presiKure drop from 
iHsiler to throttle Is pi ■ it-, pttuntls. 'Fhe at(*am-engjno, 
UHinii; the u'l ptnmds, ruu.H with poundn back preasuro. 
Fiial the total waste productstl by transmisiiou through 
the pipe. 

Afwumc! thsit the hot water is returned to the l)oiler 
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at tlu‘ thruttla tfiupfratiuv. T!h> ra.liatidu liuss (see 
Fig. -U!) tluTcfore equals 

t u'\Uh--Il? B.T.!'. per hmir. 


Basidess tWa tlireet less uf heat hy radiathm there is a 
further indirect l<i.ss due to the iueren.'se in entropy 
of the main body of steam. l!ih r>‘pre.sfnts the <'xtra 



lu'Ut given up to tlie eoulitig water of the eundeilscr 
during eshaust utid eijinds 

B.IM'. per hotir. 

Tlu! total ht.sa due to pipe Hue is 

w-Afh-tlz) -^-nhilh “ H A ! wj • '/'I'B-T.r. per hr. 

The lu‘at mippUetl to the water in the lahliT ia 

WiiHi — qi) I it'AHr'^'iA Ih’r.t*. per hour. 



FLOW OF FLUIDS. 


107 


Tht' c’fnciency of tnuisuiissioii 

Total lu'ut - toiul lofsn 

'lutul heat supplied 

Peabody Calorimeter.—Tlu; udia!)atic, expatision with 
iiuTrasf of kiiu-tic cuergy prevented by frietiou fmds 
a very simple and valuabk' applieation in Uks Peabody 
throttling ealorimeter. 'I'he ealoriinetcT is a small 
expansion ehamher (•onneeted to lht‘ steam main by 
means of a siiiall pipe supplieil with a valve. A second 
somewhat larger pipe, also eontaining a valve, ('xhausts 
tht* ehamhi‘r to the atmo.sphere or any vacuum space. 
Tlie wlatle iiudrument is heavily tagged to minimize the 
nniiatittn aiui make the process atliabatic. The supply- 
pipe .siiinetimes contains a standard orifice for nunisuring 
tlie steam pa.ssing through per hour. Hti'am-pressuro 
gauges must be attached to the sti'am main and the 
ealt»rimi‘ler chambers. The latter must also contain a 
thi'niauneter cup ttt permit ttf temperafunt readings. 
Tti operate the in.strunient the e.xhaust and admission 
vnh'i’.s are opened widi* and the exhaust-valve after- 
ward.s so adjirstisl as to produiai any suitable low 
pre.-<sure in the calt>rimeter, 'I'he iirstrument is ready 
for u.*.** after the readinijs l«*comt‘ constant and th(5 
thermometer show.s a minimum i>f alamt 10 degrees 
yuperheat. An excessive amount of superheat is not 
atlvisahle. 

Tire action, Fig. 47, ts m follow.H: Tlie steam expands 
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through the orifice with very little friction loss, the 
pressure dropping from 6 to about 0.58 of its initial 
value at a. The steam as it leaves the nozzle has thus 
acquired kinetic energy of approximately the amount 
{Hb—Ha)=Hp^—H^ 5 SPb- The jet on entering the lower 
pressure of the calorimeter chamber expands in all 
directions, eddies are set up and the kinetic energy, 



dissipated by friction, is restored to the steam as heat 
and thus serves to evaporate moisture. The cross- 
section of the calorimeter is so large that the velocity 
of the steam through it is practically the same as in the 
steam main. The ultimate change in kinetic energy 
is therefore practically zero, and as no external work 
is done and no heat lost or received the initial condition 
of the steam in the main and the final condition in the 
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ealoriiuf'tfT chaiubc'r must represent two points upon 
tlu; HJUiu' thn»ttHng-curve. The actual path of the 
steam, however, is not down the curve he (Fig. 47), 
but mort' probably down some such path as hoc, the 
part w iH'ing iudetonuinate, as the steam is not in a 
hanu»geneou.s stab'. Between the initial and con- 
<Uti<*ns of the steam we have the simph^ relation 

qu -i- rm /I piia = qe+To -i Cp{T,- Te)+Apdx, 


wlieiice 

Th—qii-A(pn-pe)(x 
rs ' 

or onutting A(pti-pc)^, 

Ih-qR 

X -- 

Tn 

The Hpplieulion of tlu' PealKnly calorimeter depends 
li|K>n thi* pO'^sibiUty of superheating the steam by 
throttling. Thiw suppose tins minimum available pres¬ 
sure is that indicated in the diagram (Fig. 48), then 
steam at pressure pu aiul of tlu; (luality 1, 2, 3, or 4 
ecndd have- this ijuality tletermined by the calorimeter, 
la'i-nuse the ihrtdtliiig curvt's through these points in- 
tiTseel the curve /«: c in tlu* superheated region, so that 
IIr </,-! r.> ! (Vt'f*- Te) is known, while steam of the 
<iuitlity f», (», 7 eould not have its quality determined, 
lutenuse the throttk* curves through f), 0, 7, ..., inter- 
Btart the lowest available pressure curve in the satu- 
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rated region, so that Hc^qc+XcVc is unknown. The 
equation I'oads 


qB+0CBrB=qe+Xcrc, 

and as it contains two unknowns is indctcnninate, so 
that the calorimeter does not give the desired informa¬ 
tion. 

It is evident that by attaching the calorimeter to a 
vacuum its range of applicability iTiay be increased 



and further that the higlu^r the steam pressure tin; greater 
the amount of moisture which the instrument can meas¬ 
ure. 

Specific Heat of Superheated Steam.— a. By Thrott- 
inej .—^Thc same cniuation which permits of the deter¬ 
mination of the value of x by assuming Cp to be known 
may of course be used the other way around and start¬ 
ing with a known value of x permit the mean value of 
Cp to bo calculated. This method wiis used by Grindley * 


* 'TnuiH. Royal vol. 104, hoc. A, 1900. 
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and Ciricssnuui.* Both slartcil with what they con¬ 
sidered to Ih; dry steaiu, and penuittcHl it to expand 
alonga tiirottling curve into the superlu'ateil region, the 
on(i iisc'd an orifice in a glass plate, the other a porous 
plug of canvas washers surroiuuh'd by wood. Tluur iv- 
sults as well as those- obtained by otlu-rsf do not agn-e- 
among themsi'lves nor with those obtaiiu-d in other ways. 

The ('xplaitation of the eliscrepancy between tlue 
results of dilb-rent investigators using the throttling 
nu'thod lies undoubtedly chiefly iti the difficulty of 
knowing exactly the <[uality of the steam at tlui initial 
conditions. 

The discr<’tia!icies betwe-e-u the resulfs obtained by 
this method and other tnetho<ls undoubtedly lies in the 
inaccuracies of the steam tablc.s. 'I’lius in tlu; ecpia- 
tion 

qi I f/2 i 1 

'/;• ! >\i '/I ! (>J7'o 

or J'l 

1 1 

q-jti ru-qi ranges from bOO 1200 H.T U., .so that an 
error of sexa-ral B.T.lh in tla- determination of the 
various ([uantities and a large (-rror in the assumption 
of till' vahut of would have but small effect upon the 
value of /i- But in the equation 

'/I I q-j-Ts 

JT 


* Zi'itHchrift it<'8 VnreiiiM I>«ait«'h<T vol. 47, pp. 1852- 

t ThoHCN, M. I. T., Wl, 1005, 1000. 
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the numerator is a small quantity and an error of a 
small amount which would not be appreciable in the 
individual terms produces a large error in the value 
of Cp. Furthermore, as Vi is in the neighborhood of 
1000 B.T.U. a very slight error in the determination 
of would produce a largo percentage error in Cp.- 

It would seem therefore that this throttling method 
cannot give accurate results until the values in the 
steam tables have been more accurately determined 
and until the investigator can be absolutely sure that 
the steam is dry initially. 

b. By Superheating at Constant Pressure .—A method 
used by Knoblauch and others, and which avoids the 
inaccuracies of the throttling method, is to pass steam 
already somewhat superheated through a bath elec¬ 
trically heated, thereby raising its temperature at 
constant pressure;. If the electrical energy Q (correlated 
for the heat absorbeel by the bath anel metal e)f the 
calorimeter anel that lost by radiation) reeiuireiel for 
heating w pounds and the corresponding increase in 
temperature T 2 — T 1 arc known, then the mean value 

Q 

of Cp for the given conelitions is 

In actual operation the experiment is not entirely 
so simple as this. The steam in passing through the 
coil of pipe in the bath suffers a drop of pressure; pi —jh 
caused by the throttling action of the pipe; frie;tie)n. 
The friction loss occasions a drop of pressure 
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so that the boat a(l<lo<l " the* tomiicrafuro fiy t!u5 

amount T 2 —Tx insloail of only T^- Ti. Now the 
actual change' is not along tlu' hroken path Adf (Fig, 
49) but along some iiuleterminafe path .iB, therefore 



tlue throttling action <loe.s not nil occur nhnig the con¬ 
stant total-energy cura'c vtf, lajt it is occurring along the 
whole seeries of throttling cum's iH'tween /I and /I where 
the drop in temperature is not so great jw ahmg AC, 
It is therefore probable tliat the total drop of lemj«*r»i- 
tuns caused by thndtling is not T\-Tt but somewhat 
smallcT than that. But if the drop of j>res«ur« |>i »pg 
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is small ami tlie increase in teinpcrnlun' T-> -Ti largo, 
the term Ti — Tx is but a small corn'ction factor, and a 
STOfi.]] error in it has but lit lit' cfb'ct upon r,,. 

How is Ti — Tx to be defermined? Tlu' law of 
variation of Cp is unknown and to be investigated. 
It is known roughly that q, varii's along a. c(tnstant- 
pressure curve, dc^creasing with increusi' of temp('ra- 
• ture. Therefore the mean value of c,, for 7’i Tx is 
greater than the mean value for T^-Ti. It, is next 
assumed that if the throttling curve I)F is drawn that 
Te — Tj,< — Ti — Tx. This is not far from true as the 
slope of the. curves is JU'arly tlu' same. Now Quif<-= 
Ho-IIa and QoK^CpiTn-Ta), whence 

QFB-Cp{To~Ta)~iIf,>-Ho), 
and therefore 

fjf ^ jr 

m m rn m rp m ** 

J l — F — i 0"^ — . 

Introducing this correction in the original e<iuation 
gives 

w(t2- 2\ 1 - Tj,-Tc - ■’) ’ 

or w{T2—Ti + TD—Tc’)('p~w{lJif—H(j) 
whence 

f^+iio-na lhiT„-n„ 
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or since///)—//o’ 


0 


O'- 


i (K.-iOrx/;,- 

0’ ! \ 'i Ui ^c! 


Take as an illustnifion tcsl No. 2 of (he exjK’rinu'ntfi 
of Kiiohlaucli !uul Jiikoh, 


Vi 

-2ff.7 lbs. 

P-^ 

~7.7 lbs. 


h>~ 

-:219.8 

ta 

2I.7.K 


ti-~ 

= 329.9 

t-j 

in.fi 


xo- 

= 9(). ba lbs. 

Q 

37r..s B.T.r. 

0 

.39.(18 

ir 


.‘}<).os i (),:?()r)(2{<).x 2!r..s) :«m)s i i/j-j 
-111.0 ■ ;!2‘).<) i 2 Itl.S 2 i:...s S1.7 i }.() ' 


It is (ru(> that the iiiaec’iirai’ics of RepiaiiltO tleirr- 
ininatioii of the total heat of dry Nteum enter into the 
result, hut whereas in the (hrottline method lin y tiffeet 
th(! entire result, here they enter only a,’, a minor 
variation in ti snitill eorreetive term. 

Th(> apparent mean value of the speeilie heat a.*j 
obtaintid from the direct observations is 




whicli differs is this <’iise by about 1.7 per frotn 
th(‘ more probaljle vaha*. It Ls pnsbabk* that after 
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the fatJt approxiaiation of r,, has Imh'Ii tlctfi-mhicd for 
the entire range of experiments a secoiitl ainl more 
accurate deteriniimtion of 7’i 7’r eoultl lie made, 

giving a final value of Cp jus jvceunite lus the original 
data. 

The Total Heat of Dry Saturated Steam.—-In lii.s 
cussing the throttling experimejit.s uf tlrindle^’ and 
GriesKman it wjus shown tiia! the di'erepaiieies in the 
results wen' du<‘ to injiceunirie.-, iu the exUiing sleaiii 
table.s rather tluin in oleervaiiomil shorteon.itigs. It 
remained for Dr. fhirvey \', D.ivi * of fharvard to 
bring onk'V out of einius :uid to poissi the way ilinnndi ji 
mass of a[)parently eonflietbsg djilji and thus to lead to 
the e.stiibn.slunent of new .steam tjdiies in wliieh all the 
fundamental value.s, bas'd tipon ililTereiil experime it . 
am found, wlnni eoimeete!! by t1:ip;, ron' e n 

r iljt 

T ' <i7” 

to cheek up with a maximum de\iation tiol exeeediu*' 
0.2 of one per eeiiPf 

Briefly, Dr. I)jivi.s proceeded ns fnlhms: '{*h - va'ne-. e| 
Cp obtained by Knoblauch jind .Iju-ob are biken jis reji 
resenting the lm.st attainable d ita, ’rii.-^. values are 
then substituted in the lho'l!i:i*«: olt-ervalhns of 

* Trims. A. H. M. K., ISiOS, |ij». 711 tit 77 i. 
t Peaboily, ".Stwirn and Itnirtijiy Taiilt e" n. I.'i. 
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(Iniulley, (iric-Muuii, ami Pcakr* aii<I (‘-itahliah the 
differem-e in ra/Hr the tutal heals at two (Uf- 

foivnt U'iniK>ratun-s. as //, e,. JT.-. 'I'hus sup¬ 

pose that oUservat'unis of pn-s.^ure ami leuiperatun; 
have b(‘en taken at points .1, /i, ('. !), K on the throt¬ 



tling curve AK, Fik- Ihn. 'rheii theia; exists la-tween 
the points .1, /?'. C', /P, ant! E' un tin; dry safurnh'd 
curve these tlitlerenees; 

if A If I, . 

Ha If,- ('„iTe~TcA 

Ha Ii,r 

* IVitki*, I’roc. tt«y. Hm*. (I.tmtlen), Heriet A. v«il. 70 

p(.. I Hr. 'Mr,. 
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The least accurate data in tliesc, as with all other 
experiments with sU'am, are at the point .1, dut^ to the 
uncertainty as to it.s condition, d'ho [uiiut .1 may, 
however, bo eliminated from the oh.servations by eom- 
bining the abovt; enuatitms ns follow.-: 

n^Tr 7V> 'V'7’n 7Vh 

0.i7’n.7*;,-! <>,7’« 7brS 

If If —///.,•'■■ Cj,|7’/.,' — 7’|.;'* <>1 I’ll Til), etc. 

•Plotting JII and T as rei'lnngular eoordinatc.s, let 
the line Hu repre.sent tlie total heat i<f lh»- throttling 
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curve AE, while the verftt*nl Et!\ /i//. t4(\, 
n^prcKent the lient of ,sii|ier!ie?il :if tho rr!s|fi*iiivi* 
(UtioiiH /i, 1), M, me! tln^ii thi^ li\ If, 

K' will repre.si^iit thi^ lotnl hint t*f ilry iit t!i«* 

respective tcinperat urt> I1iis itviiiilN I hi* itreih^:Mi!y 
fur tlu'. (t(‘ti‘ruuitatinii tif tin* of pniiit J. 

(Fig. WIk) 

(/', I)% hf thus reprcniaitH n nf llto ilry 




FiAHV (IF FiJlDS, 


.saturated .staaiii tnirva with tla* h‘nijH‘ratun‘ of tlu* 
iHunts (lafeniiintn! wlillv tlu* hitul hcaits ara 

cit‘t{‘ritfuu‘<l only rclativrly as thr valua of 11 x aial 
lluM'aiun' of IIa is (Irindloys data gava 

at‘Vt‘!i fra^uiiaaits t»f tha >atiirati‘d curve, (!n(‘s.'«4nians 
ilata t‘lavt‘ii and Ptaikas ,si\. 

By skillfu! caaiihiiiaf itui of I hast* t\\ auty'-fiuir fra^imuits 
Davis ohta,iiitnl fht‘ aiirva showing the nu)si prolaihla 
relation lialwaau Hit* lota! heat and tli<‘ tamiHuiiturc^ 
of saturiitat! sh»ii,iii frinn t 212” F ti» i *1(111” F. 

This rurva is raprt*srntt»d within the limits of ax{Kn*F 
niaiital iircurucy by tlia st*aoiid tiaj^To equatiem^ 

I (D{7Io(/- 212) I (MMI()oa(H/-»212R 

For //in:;? Davis takas Ilod.d B.T.F., this being tlia 
ituiin of tlia viiluas obfaliiati by ilanning* aial Jolyf. 
IVfihod)% howavat% uses Ilfib B,lMh, winch is tlia result 
obtained from Hanning h fonmila. 

Flow through a Noi^Je* In thi^ fnisa of tin* flow 
through nil itatiiid no/,/.la tlia o|iaraftoii ih not ravar- 
Htlila. Heat is lost by raiiiafion; lii*af is ef»ndua(a«t 
through lilt* niatal of Ilia iio///Ja fnaii Ilia Itighar to the 
lower taiiijiariifliras; anti frialuiti oeeiirs in varying 
itiiiouiifs ill ditTaraiif iiarfs of fhi^ iio//lia The first 
Io»’, the rajefUioii of ban! as lii*a(, f/aaraiisax t,lia antropy 

* Uiol. \iifi., IV, vet. 21 finiii), fifi. I44I07H, 
t Ifi tm upimmiUt ip.. ta |»iifw»r by lirilililii, Phil Trwaa. 
(Lwuhirih iHtl (Isiiriy ji|i, 2fll at nijq. 
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of the {liiidj while the ethc^r twti tnith inerease 

its entropy. It inii^lit happen that flitse opptising 
forces just l)alanreii and then the t*\paiision wtiuld Ik* 
isentropic^ but not n‘\t*rsible. In i^eneral, howt^ver, 
tlu' radiation loss may be matleMiiall, that the opera- 
ticai is nearly adialcilie, Init wifli inereasiny f*ntrcjpy 



(lu(^ to condiadicai ahin^^ llte iiir/e/li* nnd tn frirtioii 
losses. 

Thus startiiig frofii ri, Fig. the actual «*\paii5iiiii 
curve will lic^ between the beiifrupt* #ili mid the eoii'* 
stantdieat curve a// in Home siieli piisitiiiii m m\ The 
heat tlicHiretlcidly avnilabli* h re|ireHiiilrd by riWr. 
By friction, etc., the jiitrtioii krj^ hiis been ret tinted 
to the sul)Htance at a lower triitpenitiirt% fieiire tfiti 
kinetic energy of t!ie jei at the r ta eniiid to 


urea akk-- urea 
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Thi^i loss \vhu!< 1 iiialo* itM*lf ncdiccahlr in two ways. 
l)!‘C’rt‘astHl kiiiotir tiiorg}' iitaans tlpcToasini vt‘loeity, 
aiitl iiuTrasod oiilrujiy iiit'aiis inc‘rt\asiMl vnluiiaa 1luit 
is, if H no'/yjf^ \\ort‘ ruia4triirtotl fniin flu* diniaiisicaiH 
iu*c*ossary to i^ivo fricitoiilt^ss uiiiabulia flow aial clrilha! 
at difiVroiit |»niiifs so as to iiioasuro thi^ prossure, tho 
olMa^vtnl |irosstiro would !a* found to ho gnaitor at any 
givon i‘rosS''SiH’titni than llio jin\ssun‘ fta’ friotionU^ss 
How, Stodola s t*\poriiiioiits show this, ami also that 
tho loss is at first slight, hoiiig iiraotif%Hl!y iiog!igitdi‘ 
down to tho throat, hut iuoroasiiig from thoro oiuvanl 
iiioro ami iiioro rapidly as tin* volooify iiioroas<\s. Hint 
is, !lif‘ oiirvo Ilf would at firs! olost^y appnixiuialn u/i, 
hut lowor ilowii hnuioli ofT luoro ami moro toward thc! 
right. 

Ah soon Its tho otirvt* at him boon amninift^ly looatml 
it <*aii ho projfHitHl iiilti tho /implam* and the* otirro- 
sfKindiiig arni'ia for ditTimiiit ercw-aectioria of tho nos^la 
(ioteriiiiiioci ill tlia iiiiiimor alroady imlicated for the 
ideal ofiaa of frictioiili^^ flow. 

Adiabatic Exptasion with Partial Frictioa Lois.— 
Tlio liiddtw to uiitliwtiiiicl the pheiioiiietm of flow hi a 
m%%k let iiH fliseui^ the flow of stimiti in a iion-eon- 
diietiug lioxrits ill wliieli^ however, there is tho usual 
friction Iona. 

Let ah (Fig. fil) repremiiit mt iseiitropic exparisioE, 
m a eoiistiiiit-oiiergy i^xpiinslon, and m m\ adialmtio 
expiuisitiii with soiiit! frielioii loss, idl froiti tho satno 
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initial condition n, at pressure /o.diAMi tn (he sai 
back pressuri! /)”. At /» the kinetic enertry i.- ^ren 
than that at a by flut ntuounf (ih;./.'. at i tlie kine 
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energy is the same as at «, and at e it po.s.sesse.s a vuli 
interniediato Ixdwetm tinit at h and /. 'Iliu.s 



whence the loss of k'metie eiu'rgy eausetj by the frietio 
along oc is shown by the dilTenmee, tir 



/ 4 -/ 4 . 
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Thut is, the heut eimivnleut of the hiss of kinetic energy 
is Urns rejiresi'iited hy tlie dUTerenec' in th(^ total heat 


a 

f y,, i 
*• / 



¥m. 


for the two final eoinlitions, or hy tlie area uiuler the 
curve Ih- in file '/V'-'lia.'tntm, Kij'. o'-'. 

If a eonsfatit iient curve he drawn tlirough c until it 
intersi'cfs (he isenlrope tifi in d wt' iililain 

ih-ih n, ih, 

so that the loss of kitietie energy will also he shown by 
the areas inhf plus (fyh {I'lgs. fd and fi'Jl. 'I'hus in 
place of ulili/.iiu; the total available itrop if,, lib, 
as in the ease of isentropi«‘ Ilow, the netunl ex|)ansion ac 
law only utilizeil that portion IL, 11,t which would 
have been utilizt'd «htrin}' an isentrojiie c-xpanshm 
frojii a to tl. 

As the frietion hns iaereasi's the expansion line ac 
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would move more and more to the right, so that the 
utilized heat Ha—H^ would grow continually smaller, 
and finally in the limiting case where the friction loss 
is complete ac coincides with ai and Ha—Hi reduces 
to zero. 

If we analyze closely such an irreversible adiabatic 
expansion as ac, we notice that it is made up of in¬ 
finitely small transformations of heat into kinetic energy 
and of kinetic energy back into heat, and, taken in that 
sense, we see that the total area under ac can be inter¬ 
preted to mean the heat equivalent of the friction loss. 
But we have already found that the loss of kinetic 
energy is shown by the area under be, so the total fric¬ 
tion loss exceeds the loss of kinetic energy by the amount 
represented by area abc. In other words, aU of, the 
friction loss is not irretrievable, because although the 
friction loss has occurred the energy has nevertheless 
been returned as heat at lower temperature, and is 
therefore still capable of being partially turned back 
into work. That is, at any intermediate point on the 
line ac the total heat is greater than that on the line ah 
for the cosresponding pressure, and therefore more 
work is theoretically obtainable from it. The efficiency 
of the excess heat is, however, not as great at this lower 
temperature as it was originally, but its availability is 
not wholly destroyed until the expansion is carried 
down to the lowest possible temperature. 

Design of a Nozzle for Actual Flow.—The design of 
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a nozzle for actual (‘caulitions is fuiKlamcntally the 
sanu' as the case «iiM'Ussnl nu i>i>. S7, KS, cxct'pt tluit, 
the law of friction loss is now assimiftl kiunvn and jiro- 
vision made for the rrsuliiny, dei'rease in velocity and 
incr('as(‘ in specitie volume. ‘rUus if the friction loss at 
any given section i.s / per cent, (he availahle kinetic 

energy at that .'■'eetion b; only I • parts of that 
availahl{! fm- frictionless !low, or 


whence thi^ act mil vt^lurify h 


!'Jij - 77'>( I ft. perKccoml. 


'rh(‘ kinetic energy lo-a hy friction i.s re.sfored a.H part 
of the total heat and results .sitnply in improving the 
(|ualily of the sltaun. 'rhu.H if the quality were* x/ as 


tlu! rtwilt of i.seiitropie e.ypansion, the heal 


/I//, n,) 

KK) 


would hy further evaporation ejiu.se an tnereitHt! in a*y 
of the amount, 


J.r 


, fi/ft /r,) 

’ HKka ' 


BO that the actual value of the qnality vvouKl be 



126 'i’/u’ THMPKh'ATriiK i:.\T!H!rr ni.untAM 

The actual specific voIunu> would then lie 
r2--0.()l() l X2h'--L' U.Old). 


In case the steam were KU[H‘rhea(ed at tlie end of the 
iscntropic expansion the lu'at would produce 

an increase in superheat of the arnoimf, 


Jl, 


/(If I . II^^ 


and the final tcmperatim' would l«i 


h 


.t./ + 


fiiu-n./) 

Itttkv. 


The final volume v% could then be found from tho 
equation 


or from the entropy tables. 

If the weight parsing the section pi‘r second is (I 
pounds the cross-Hectional areii is given by 


The value of G is determined by knowing the powcw 
which the nozzle must devcIo[) and the total friction 
loss at the exit section. Thus for n h«trse-puwer de- 



rinll fir FiAllK 


127 


livii'ril hy muljjn^ tin* ttiliil jni'tu'iilage friction 

litSS uf till* fuial SiiiinlU 


hi,) 

aiul 

/(‘■'ririd »'• ”i() 

l*rttli!uii. Mtai ttioiHl nicl tiiiiil «iiiiitu‘tt‘rH (jf a 
imrAv Iti tlrvr{M!» lit 11.F. in ymltin jet. assnining 
a friction iiiitl *JI per criif* at ilicst* 

rf;>*irt‘ctivr!} * llie ^vtt^niii h iiiitially at 151) IIxm. 
ali^‘oliitt* jiri'>:siire ami i'aijiii‘lii*att*il IlMf anti the 
liiM’k Ii''t I ll»a lilHtiliift*, 
llie Iirflia! kilifiii’ tiirir:y «»f llte jet pVT |HiUIul 

y 

'' 77SXi>,S!)X(l:M'.t.f. ‘tH7.lt Ifia.-’tK) 

’jii 

wlmm^ 

1/ ^ -itilti ft. fier Hoeoml 

HIP I 

a ' Fll (>.«Ki:!70 l!*-. {H-r ftj'Ciiu,!. 


Iir I’qualn 

{H«;!7n- ntHMl 
" .. l!» 


IlM.1 Uw. prr II.P. ptir liourH, 
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The value of x/ from tne tables is 0.8617 and the 
increase in x/ due to friction loss is 


Ax/^ 


0.20X262.2 

1005.5 


0.0522, 


and the actual final quality is 

0.8617+0.0522 = 0.9139. 
The final specific volume is 

iy= 0.016+0.914(90.4-.02) 
= 82.7 cu. ft. 


The final cross-sectional area is therefore 


Ff- 


0.03370X82.7 

3240 


X144 


=0.1239 sq. ins. 


The final diameter is therefore 0.3972 inch. 

The theory of the flow of fluids shows that for isen- 
tropic expansion the pressure in the throat of the 
nozzle is about 0.54 of the initial pressure for super¬ 
heated steam and about 0.58 of the initial pressure for 
saturated steam. In case the expansion passed from 
superheated to saturated steam before the throat was 
reached the only available method of determining the 

72 

throat pressure would be to plot the ratio — for several 


values of p 2 and thus determine the pressure corre- 

72 

spending to the maximum value of — 
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In this prol)l«*m the steam is still superheated at 
the throat, so that the thntat presstin* is alwut 

0.54Xl.W S! Ihs. ahs. 

The aetual kinetic energy of the Jet at the throat 
per pound i.s 

7TKX0.07(I249.0 -1194.5)«1151K) ft.-lbs. 

whence 

Tf -\1II.;t2x‘tl5tM) ft. per .sf*eoiid. 

The sujHTheHt at the end of beiitropie expansion 
amounts to 25.(1* F. This i.s further ineren.se<i by th(! 
friction !o.s.s l»y the amount 

(i,(i; 5X5.5,I l.(i.55 

J I I 

rp fp 

'I’o Solve fhi.s tte lie • I to kstow the nioiuentarv value 
of t>, but not having that we notice in the entn>py 
table.H that thi? ttttal heat at this point increases 7.H 
H.T.U. hir 14.7® su{H*rljenting. Tills 

7.H 

Op - JJ..-0,551, 


whence 
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Tlic actual HUpcrlifat ill tlie threat 'JU f, !•'. 

By cross iiitcrpnlatiou in lltc (iildc- the ciirrc.'.|Miiiiiii 
specific vohuut' is fouml as 

(•"'KfiJS r>..lan) ‘ ri.titl!! a tl’ilj rii. ff, 

/ ,s 

The (*ross-.'^c*rtiennl iin*n nt I lit* U 

Ft ...... Ill 

Hi..,) 

(I.IIKm.'I Ml ill' . 


Tlic tliroilt tliiuuctcr is llicrcftirc ti.I Ititt m., 
Assmuiiifj; the (Ian* hclwccii Ihnml aii.i <•%!! lu ln- 
unifonii fiipcr of one in ten the len>;;fh of iho 
hcj'otul the throat would he 

tiH'h. 


l()(().;h»72 t). I Hitt I 


rirAPTKU VL 


MdIJ.IKH’H litrAl. KM:UtiV KNTHOl'Y IHAtiHAM. 

'I’ltK iuipurlaut ri4« plnywl liy tin* lotnl energy, 
i 11 i .l/)-r K • pv, (»f stenin in the liiscussioii itf the 
jiheiunneijii Ilf tinvv leil Midlier * to etiiistniet u (lingnun 
using / niel •/* the endnlinntes. In that (inrtiun of 
the dingnuu fthrii ie.|itjrei! fur titrhiiie iHt/,zh‘.s .l/jn is 
negligilde, :‘<i that / // ]»r;t<’iie!tlly, und the diagnun 

is tlius auiuelinte'i railed tile ‘'total heat l•lltn(]ly dia- 
grnm." 

Description. ’I'ln- geiu'ral rliararter of tlte jilut and 
if.s n-latiou to the 7'*/* diagram are ahmni in Fig. fat, 
whi're fttr eiuiVi*nieiie*; in {nojeetiun from the 7 ’i/t- into 
tlje <>/» jilof, or llte reverse, tile p'r~ and /a’-iiuadranla 
are also given. Plot fimt, </ ! .l/w mid H, mid (/ i r [ A jut 

mid ft i ,j,, to oldain tin* water (ir) and dry steam (.'t) 

Iitn‘>!. 'Die PutIternials rejmwnting vinmrimtion at 
cunslmit pressure m-e nest ohtained hy laying off the 
lieal of tile lii|uid and the total lient of dry atejun, 

* wif Frwf. Dr, 

II, tl. Vm* Deutiiirk JM* 4H, 

8. 211 271. 

Dll 
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of course !x^ deteniiiiMt! graphically by projecting 
u{)wanLs the {KunJs a and h from tlu* 7’*/*-pIot. The 
“/-lines” or ipjality-liues arc consfrueted by buIv 
dividing th»‘ constant-pressure lines lH*t\veen the water 
and steam lines into atiy desireii mimlMT of etjual 
parts, as t«‘nflis or hundredths, atul cfttmecting the 
correspouiting ilivisions on the tiifTerent lines by smooth 
curves. 

To cotdinue the constant-pn*8s(ire curves iH'yond tlu* 
drj'-steam line intti the su|«Th<'ateil region wc plot for 
each pressun? the set of valuea 

r T, 

4 CpiTt - T) and tjt 0 hji hCp log. ^ > 

or, atarting frtiin the end i*f any preasuru curvo at 
tJio dry-steam line, lay off the extra values 

Jil ’^'Cp(T, - T) and Jif* »> Cp It»g, -p- 

Tl»e accuracy of this part of the iliagram is of course 
limited by our incomplete kuowhnlge <»f the laws of 
variation of tp for superheated steam. Thus tlm plots 
in St<xioIa*s l^tmm Turhitm are basetl ujxin Eegnault’a 
old value, <> -0,18, while tluwo in Thomjw’ Hlmm 
Turhims are l«weil ujksu the larger but still conatant 
value, Cp^OM. 

To plot the isoUiermals in tlw »ui»erheab*tl repon, 
start with the temjsTature cor«»jtoriding to any pr»- 
sure A on the dry-«team line, then the heat required to 
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superheat at eoiustaut pn^ssurt' to this sainc‘ temper- 
ture from any lowi^r prt'ssun^ will he 
the point B may tluai 1 h‘ loeatcnl on llu‘ cairvc' p :c 
by laying oiT li/lMh alnAa* the iiitca-seetiuu 

of p=c with the (lry-slc*am lint* iMg. 5 0. Tlie iso- 



thcnnalsi provicicnl tla* 7Yi«pIii!ie is aln%ndy drawn* may 
be locateil graphitadly hefert^ the rtiiislant'-pn\<sure 
curves an* drawn by prujeeting the value <4 for eat‘h 
value of CpiTfi 7\\) directly fnuii the T*^ plant*. 

Reversible Adiabatic Processes. Fur fncfioidf*ss adia¬ 
batic flow hetwetai the t\vo pressures |i| and /ij flit* kinetic 
energy of a j«*l inereiises by tin* iiiiiniifit 

A- ‘ y ' /O ! 

■ /'i "• /•.«. 

Enter the plot nt the point pj/i or /n'/'i. ueeunling iw 
the steam is saturatetl or stiperheateil. aiul follow tlowa 
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the i^^eiitrcipe thus iliUeriuiiiril until tlit‘ couHtai' 
pTV'$<mY liiH* p: is rrafhetL The vertical ilistnn 
bilwciii tile initial :iii4 filial jHiiiits gives at cuicc* iV" 
or tilt* htsif t'i|iiivaltuif nf the kinetic energy uf the ji 
AsMiinifig initial viThuiv tn Ur ^ai'u, flu* fin 
velycily ciirnspciiitUiig ft» any |»rts>.iirig h given liy 

iTi 

r. \ j Ji irTl.Tv Ji\ 

from wliicli wc tihfnin tin* fnllmviiig tnbhn 
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At! auxiliary plot (Fig. 55) using Ji an ordinates and 
F as abscissie permits the detonnination of interme¬ 
diate values, and forms a valuable addition not only 
to the i^-plot but to the entropy-tables as well. 



Fio. 65. 

Two plots arc advisable, <lrawn to different scales, one 
to be used for small values of Ji, the other for largo 
values. 

If wo project the values of tht* vedoeity on to the 
ii-axis, as indicated in Fig. 55, we obtain two scales, 








138 THE TEMPERATURE-ENTROPY DIAGRAM. 

one showing Ai, the other V, both measured from the 
same origin. If a sufficient number of intermediate 
values of V are indicated the scale may be plotted on a 
separate piece of paper, and can then be applied directly 
to the {^“diagram by placing the scale parallel to the 
isentropic curves with its zero at the initial point of the 
expansion. The position of the final pressure line on 
the scale will indicate the velocity directly in feet per 
second. 

Reduction of Pressure by Throttling.—^Throttling 
curves represent processes during which the total energy 
remains constant, and these are therefore represented 
by horizontal lines in the i^-plot. Such a plot permits 
of the ready determination of the quality of steam from 
the calorimeter observations. Thus if A (Fig. 56) is 
the point determined by the pressure pc and tempera¬ 
ture tc in the calorimeter, proceed from A horizontally 
to the left until the curve u intersects the constant- 
pressure curve corresponding to the boiler pressure ps, 
say at B. The position of B with reference to the x 
lines gives the desired quality xb- 
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TliK TKMPKHATIltK KSTlun^Y lUAcaiAM FOE MIX- 
TritKH it) «»F OAJ^KS, Ci) OF iJASIvS AND VAPORS, 
AND FO i»F VAPORS. 

Mixture ill Perfect GiiMeK. If >vvvrn\ i^hhcs k* mixtul 
III tlit‘ ff llir iiiixtiin* 

III llit^ .-ailil t«r tia* |»rr.s: lllrs \Uiirli tilt* WiUlIil 

if t!it*y Hrtiijiiinl iht* wholi* ^’^cpitnitriy. I'IiLh 

rr^iill i!i?^rtivrroi iiiitiifnlly hy Ilaltfiii im trui* (if 
tiiily lt»ii|4 ?i.s tltr titnlmnilto dtt iif»f Miisilily 
Mlr.tnit’i rjP’li iillni*. It iiiHV !«' it>'Hiiiiir*l |u hnltl rigidly 
ill flt«‘ idrii! c*iu4r (tf jiiifrrt 

F(ir luiy givtii liiixtiin* iiiidt^rgniiig tiiw^ra- 

tiofiH it iiitr‘'4t likii \iv nH.^iiiiifd that liciit iulrrtdiiiiigc*^ 
occur .‘411 thiit dtiriiigiuiy rliniigi* wliat- 

ewr lilt* prioxiirr mul tiuiiiicnitiirc iit iiiiy givtai iimtani 
an* iihviivH iiiiifuriii tlinnigliciut. Tin* riiuiiinm tiaii- 
porattin* iiiay la* iiitusiiriHl ifirorll}% aiid if tin* wcightM 
of flit* gii..?#x4 rtiiifuirtl in flic given ^mvv urn 

known tin* iiiiiy be rnhnilatoL From 

tlienii two ({iiiiiitittt*s tfii* respiHdivtj sjiecific |irc*HHurea 
follow^ lit oiire from tfr rltnriiflerklic infiiationa 

If tlir mix! tin* h riiiiijiiiHol of « jKxsscHmng 

tlic weights wii . •. tlie sjirfifii* jiressiires /n ,,, pn, 

imi 
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the specific heats Cb, ... c»„, and Cp^.. .Cp„, respectively, 
the values of the specific heats of the mixture are ^ven 
by 

miCv,+m2Cv2 +-. . + mnCvn 

^ ---- 

mi+m 2 + .. .+?n» ’ 

miCp, + W12CPJ +. . . + mnCpn 
mi+OT2+.. .+7n(» ’ 

and the specific pressure by 

P = Pl+P2-h. . .+Pn. 

To apply the T^-analysis to any process occurring in 
such a mixture it is sufficient to treat it as a simple 
gas possessing the specific heats Cp and c* and obeying 
the law pv==RT, where R is determined from some known 
values of temperature and volume. This is exemplified 
in gas-engine work, and even in air-compressor work: 
although air is always treated as a unit and its con¬ 
stituents never considered. 

Mixture of Gases and Vapors.—Experiment has again 
shown where a given gas and liquid are chemically 
inactive and where the gas is not physically absorbed 
by the liquid, that when contained in the same vessel 
the liquid evaporates as if in a vacuum, and the pressure 
of the vapor is the same whether there is gas in the 
vessel or not. Common examples of such mixtures of 
interest to engineers are to be found in the air-pumps 
of steam-engine condensers and in compressors pumping 
moist air or those cooled by water injection. 
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Let there be xo pounds of a gas {>er poun<I of satu¬ 
rated vapor in a given mixture and let it be desired to 
trace the relative changes between th(‘ two constituents 
as the mixtun' und(‘rgoes various definite (‘hanges. 

From eejuation (8), page; 15, wc' have jis the change 
in entropy of w> pounds of a perfect gas in going from 
any condition to any other condition the expression. 




T» 

■ mphg,,/’ 

i I 


■Xl){Cp~Cv) log. 


p2 

jn 


Also the change in entropy ladwecn any two points 
in the region of eaturatal vapor is evidently ecpial to 
the difference in the total (mtropiea of the two points, or 


, , „ „ TiTi 

A<f)t ■ O'i . 


Ilcnco the total entropy cliatigo of tho mixturo is 
pvon by tho sum 


a , 3-ara „ Xiri . , Ta 

- da -1- -j,- - (9, —4- log, y - 

Po 

-w(rp-c,)lag,-J. (1) 

i l?| 

A thennometcr will give the common temjMsrntures 
Ti and Ta and the aid of suibibks tobies (steam, ammo¬ 
nia, et(!.) det(‘nnines the values of the various heat 
quantititM nfftsrring to th«i vapor. Hubtmeting from 
the gauge readinp tlus vapor-prtwures corresponding to 
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the obs('rv(Ml tcnipc4’atiin‘s from tlu‘ !al)lt\s li‘av(\s tlio 
^as pr(\ssuivs pg^ aiul Pg,. 

There. ('xisL also tlu' furllun- nTitioiis Inhweeu the 
volumes of tlu' ^as and vapor, 
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Substituting tlu\se value's of Xi and in iht^ t'xpnusicHx 
for givc's 
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In this (‘quation provitlcnl it is possible !o mtusure 
pressure and temp<*ratun' then* art* but two un¬ 
knowns Jc/>j/ and ir. ll(*net* if w be known may 
bt* det(*rmiite<l. Ftu' any givt'U pr(jet\Hs it is stimt*timt'S 
possible to find tlu* rt'lativt* w<*iglits tjf gas ami va{M)r* 
bt‘i US now eonsidt'r S(*V(*ral sp<*eial east's whtTe the 
prort‘ss is givtm, 

(1) hothcrnml (^hange, -During an isothi*rmal pro¬ 
cess tlu* prc'ssurt* ttf tlw* saliiratt*d vapor remains eonstaiits 
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To iiirastin^ flit* liont r«s*i»ivatl hy Ilia iiiixturo luh! to 
thf* iiifftTisi* ill itital litsif of flu* viiptir flu* laxit tn|uiva- 
halt i>f Iht* WiH'k hy llir giis, thus 
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Of emirne fhiJi f*ame f'nprewxion ean Ik! ulituined di- 
rcetly i»y mtiliiplying liy T. 
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The work performed is given by 

TFjif = —^ (^2 — ^l) + loSe ^ 

V2 

-BTp,»[|;-i]+»Sriog.& 

Since the intrinsic energy of the gas does not change, 

JE^-(x,-x,)f.ST«A[A-±y 

As all the above expressions involve w it becomes 
necessary to determine the pounds of gas present in 
the mixture per pound of vapor before they can be 
evaluated. 

Let a (Fig. 57) represent the initial state of the vapor 
and also of the mixture. Then in changing from a 
to h the vapor receives the heat shown by the area 
imder ab and increases in volume from a' to V, while 
the pressure maintains the constant value pv. The 
heat received by the gas may be represented by some 
such area as that under be, so that the total area under 
ac represents heat received by the mixture, while ab, 
bcj and ac represent and A(f>Mj respectively. 

Lay off Pmi and equal to the initial and final gage 
readings, then Aa' and Bb' will represent the pressure 



Mixrrh'i.'t oy c.isi.'s as!> r.i/'fw.s'. 


of ilu‘ !t!ul .l/» jifi-rn-il fn alt* iw tlii- uxls of 
voluiiif' will n*{>r«*sciji thf /»r-curvf tif th<‘ giui, whila 
ri'ft'iTod to (h' .'US fhf /rro |ircA;iur(* liiu* will rf'prej^eiit 
till' pv-nirw ttf tht* ntisttirc. 


(2) Umdmj ttr (’miiimj nt Cttmiunl Vttiumf. Thi 

iutrtKlu«‘« iht* f<JMTUl! COHilitilHW, 

ItT tlT 

IjWl + ITa } .», mill a-S' -w 

P'4, Pm 

By i4nlwtittiiiun of vahiin, tlu* gaiiaial cxprtsj 
sion f<»r Ui«; t*!itri*|»y r*f a mi<tf»iri' raduraa {•) 

i 1 «wvb«,& 
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The heat received during this procc'ss is giN'eii by 


Q = ?2 + X 2 P 2 — q.1 — TlPl + W • Cc{T2 — Ti) 


=22-31 + 


Ml 


[w • V^ — <7]-\-'W ■ C„(T2— 7\). 


The change of internal energy is of course (hiuhI to the 
heat added. 

Here again the value of w must be deti'nniiK'd by 
suitable measurements before,the c.xpressions can be 
evaluated. 

(3) hentropic Expansion or Compression - If the 
mixture undergoes frictionless adiabatic, ('xpausion it 
is evident that this might occur in one of two ways; 
cither (1) the entropies of both tlui vapor and tlu- gas 
remain constant, or (2) if the entropy of the one 
varies a given amount that of the otluT varies an equal 
amount in the opposite direction. Which of tlu'se two 
possibilities is true and what are tlui charact,cr and 
magnitude of the actual change? 

The fundamental relation now bcconu's, since 




Rr-i Rrx , , ?•> 

- -+ep logf — d/t logp' 

IU 2 P!,, uxp„, ^ Ti ^ 


Provided the temperatures Tx and 7+ may both be 
read this expression contains but one unknown, w, and 
thus gives directly the relative weights of gas and vapor 
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senting the locus of such a scries of points for a pound 
of steam. Then ac must represent the corresponding 
curve for the w pounds of air, and ad will represent the 
isentropic path of the mixture. Thus the energy recocted 
by the steam as heat must be received by tlie gas. as 
heat so that the process as regards its surroundings is 
adiabatic. If ac represent the path of the steam ab 
will represent that of the air. 

Let AD represent the pv-curve of the mixture, then 
Aa', Db', etc., will represent the pressure due to the 
air. 

In order that itis necessary that 

f) _/9 _ri 1 r ^^2 /eri.] 

u,Txr-A^^-u;pi\’ 

or that 

y) - . r- . "i .• 

2j> ja _ll. 

For aU other values of w, 

and the magnitude may be found from 

-H^=A4>,^w\cr. loge ^-AR loge 

L -*1 Pai-J 

The Determination of the Quality of Exhaust Steam- 
■ ^In making the heat balance of an engine test, in a 
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We have besides the general coiuliiiou 

+ ll'Ii 
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Kifi. 
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the further relation 

Pm =Pff+?)i;"eon.stant. 


Pii may be constant i)rovided both p„ and pg arc 
constant or if pv incnuusi's as rapidly as py deen-asc's. 
The first method is impossible because' p„ cannot be 
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constant unless T remains constant, but if T is constant 
Pg decreases. The second solution is tht'rcfon' tin* only 
possible on's. That is, the pc-curves of thi' vapor and 
gas must be some auc.h curves as p„ and Pg respectively 
in Fig. 59, where constant. 

These curves fall under one of thre(! headings; 

(1) Pv and pg arc both straight lines; 

(2) Pv is concave and pg convex; or 

(3) Pv is convex and pg concav(!. 
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ether. In this case the vapor-pressure of the mixture 
is less than the sum of the. pressures of the constituents, 
or even less than one of them. Thus Regnault found 

Temp. Water-vapor Press. Pother. Mixture. 

15.56° C. 13.16 mm. 301.4 mm. 362.95 mm. 

33.08° C. 27.58‘mm. 711.0 mm. 710.02 mm. 

(3) The third case is tliat in which t.lu; litpiids mix in 
aH proportions. In this case tlu' diminution of the 
vapor-pressure of the. mixture is st.ill mon^ luarkeil 
According to the expc'riments of Wiilluer tht^ vapor- 
pressure of any given mixturt' bc'ars a constant ratio 
to the sum of the vapor-pressun>s of tlu* constituents, 
at least when the litiuids an^ mixed in nearly eciual 
proportions. For othca- proportions this law is not 
quite exact. (Preston, Theory of Ihuit, p. 406). 

Mixtures of Liquids. —Only that chuss in which the 
components exert their full indivi<Uiul pr(‘ssures can 
be submitted to a general theruiodynamic. treatnu'nt. 
All other mixtures must be treatetl individually jw apticial 
problems. 

It is assumed that the mixture is of tlu; same tem¬ 
perature throughout at any given moment and that 
the relative weights in a given space remain constant. 
Furthermore, that each substance! fills tht; (intirc! spae^cx 
Heating at Constant Pressure. --lSuppo.se such a mi-x- 
ture of liquid confined in a cylinder undm- pressure and 
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The external work of vaporization is 


S'H’ • .r • /t /)«• 

and th(; inU'nial ('la'r-'y of vaporization is 

~ I IY 2 - 1 ' 2 P 2 i a';i.r:i,<';l ! . . . l^llW/K 

But each suhstanc<' possesses at tlie temperature i 
its own specific volume, .«o that there is <iue value of 
wi), say iCiip, which will he stualler than all the other 
value's of trr. That is, this particular suhstani'i' will 
be the fimt to have its litpiid vaporized. .\t the moment 
this occurs 

Vol. -M'l.s'iI ii'-iOr:, i -, 

whence 

V’j >l'i 

. X . s 1 * tfj 


■i'/'M a’P’i I ii'2.t2rj i a’a-rara i*... 


\T/ y* ^ I nrjt^^ f‘i 

etc., etc. 


Any further increase in volume at this temperatun 
would nu'an superlu’ating of ii'i with ettiisequetit drop 
of i)re.ssure pi, that is, p,y would th*ereiise. Tins, how¬ 
ever, is inconsistent with the asHUiuption of eottstatit 
pnissure, so that the temperatun' would }»egin to rise 
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lu.’i 

agiiiii in sucii a m.'uaisf'r that tin* list* in jm'.s^jurt: of 
jh i P-i i Pi i ■ ■ "ttulii jus! ctitmturbalancf the drop in 
prosamv of /*!■ iu«T**;t>.iit;t tfmjH-rutun* enuses sx, 
doiTonso, uitd this, nuiihinod with tho 
further !niiv«‘nu‘nf of tlu‘ piston, will cnttsi* one sifter 
smother of the eotiiponents tu heetune superheiiled. 

Ihirin;; this stsijte, when ssiturnteii and sujierhesited 
vapors are intermini'led, if we assume the total pressun*, 
tilt! temperntiire, sind the tidal volume to he known, 
it is possihle to iletennine for earh .suhstanee whether 
or iwt 

vol, 

ir 

Those that give *3 are stiperheafeil suid the 

otlu’t's saturated, d’he presstire.s of the .superhi'ated 
vapors may he found frons their respeetive eharaeteristic 
ei[ua(ions, the pressures of the .saturated V!ipui-.s from 
the vapor tables. 

The total heat of .sueh a mixture would no longer I)0 
eipml to the .sum of the total lieats of its (’oii.stituentH, 
after the first one had !«*gun to .stiperhesil, hut could lio 
found hy adding to the total work perfonruHi, 

Ap^xiCiltvf - I'hvj), and th»* inereiwe of internal energy of 
each component. 

The total entropy would tie 
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After all the vapors were superlieatc'd tlie specific 
pressures of each could bo found by inserting; tlic known 
values of T and v in the various chanudc'ristic ctjua- 
tions. Then there would exist as a check the relation, 

(observed 

This extra conilition could, if necessary, be usetl to 
determine the wciglit of one of the constituents. 

The entropy of the mixture of supc'rheati'd vapors 
would be 
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The heat reciuired to raise the mi.xture at constant 
pressure from lirjuid at 32° to supi'rheated vapom of 
temperature T is found by adding tlui increase of internal 
energy to the external work, or 


Hjj^~wiEi-j-W2E2-i~W3E^-j~. ..-f* (tt’a—• 2ff) 

= HwE +Apjy (wa — So-). 


Isotherxnal Expansion. —Starting .with a mixture of 
saturated vapors the quality of each vapor is given as 
before by 
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Mixrrti'cs OF (;asfs axu VAmu.^. 15 / 
and the ttf tl»* inixtiin> hy 

P\t pi ! />S i /':< I . . . 

An Iwiit is uddrti. uiic jifftT niutihiT i)f t!»' fun,Htitu«»iita 
will hmiiiH* f!U|n'r!«*nt« d, iiml jks thf trm|«‘mUin' doi'.a 
not fh.Hiiiif, tin* jtrfs.Hiir*' i»f sufh si sttiH>rit»'!iti'4 vapor 
will tin’ll as fhf voluiiu* iiHTfiiSfs. 'I'hi' rhanj'ij 

of entropy I’.'iii tluw l«i cornputwl si'piirutvly for m;h 
component, so that 



and the hmt added during th«* rhangi* w 

Q- T J4>m- 

The cxtornal work perforini-d daring such a clmiigc is 
m^iQ~%‘JE)X77B. 
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TUB TEMrKHATUUK-KXTHOPV DIACU.VM APPLIED 
TO HOT-AIR KXtUNHS. 

The Carnot (‘ycl<‘ in tho Tf/i-plaiu* is aUvnys a rec¬ 
tangle, but in the pr-plane its slia|)(‘ dciM-inls u[ioti th«^ 
nature of tlu^ working substancf'. I'’or perfect, gases 
the isothenuals and frictiotiless adiabaties hav<' luairly 
tho same slope, so that to obtain ati appreciable work 
area oitlaT the diameter of tiu' cylinder or the length 
of the stroke must lx* made excessively large. 'That 
is, the exees.sive .size and weight of the engine combined 
with larg(“ radiation and friction loss«<.s mala* tla* us<^ 
of the (tarnot eyth* \mf<'asibli* in the east' of hot air. 
Hence recourse' has bee'ii had to certain of the isetdi- 
abatic cych's in tlae attempt to improve the work 
diagram. 

Th(i ideal cycles for the' Stirling hot-air engine con¬ 
sists of the following (wemts: 

(1) Heating at constant volume by passage of air 
through regimerator. 

(2) Ex[)an.sion at constant tf>mp(*ratnre in contact 
with the hot surface* of the furnace. 



„ I > I r. ! • ^ ^ t .i* iis-* ill I 

liirt ttilh t?.?‘ : '; * . 

llii* ^ I / 


ti T, f. 


4 

,/ If 


■4a 


id 


{ il 


J 4 


i I,. .,1 



I1ir riitrtiMfi fi*i '.ut’h ,1 riO^' i 44 <‘ ^4 I — 

ji*rti»i| III Hti\ li'f.aj'M,if' T ’ 4 iTi ^ J fl', d. 

riH’iiVril hi llir ,ili**' I w'i .ilud* .i!ut 4 ^ >1 f iliiisi^ 


r, 4 lf* i ii% fjT 


tiri 

fi 


ill^l-:'^rv#rr 


tir I 
t*j 


Ai 4 tlii»ili» rt,|iliiliti|i?i l*iilli p4rf III lilt’ Mitlir i?tii||irriiiiiJ 

it fiillfiWi'4 I lull 

‘t * \ • *>■ t*'«*'» • «*i i* »K'«»v 

d 'I 


wliifiice 


tir r|-^rr|.. 
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That is, the liiuss ail and be ar(‘ isodiahafia/' as 
they satisfy the condition that thc^ ratio of the volumc\s 
at the points of intersendion with any iscdtaaanal is a 
constant. 

Tlie id(‘al cycle of tla^ Mn<*sso!i engine* is similar to 
that of the Stirling excc‘pt that tla* luxating and creeling 
occur at (‘onstjint pnsssure insf(\nd of at c’oiistanf volumta 



The ideal diagrams for such a vyvh are slanvii in 
Fig. Gl. In this (aisc^ 


CpdT--(Cp-^€,)T 


djh 

Pi 


■i/Q CptIT \Cp 


p-i 


whence 


p,-cp^. 


Hence these curves are "isodialuiiic,” since tlie ratio 
of the pr(;ssures is a constant. 

Both the Stirling ami t.lu; Mriesson cycle givt* \ve!l- 
8 hai)e(l imlicator-eanls an<l arc thus hetter than the 
Carnot, ejade nu'chanically. 
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General Properties of Gas Cycles.—It was shown in 
Chapter II that most changes of condition of gaseous 
mixtures can be represented as special cases of the 
polytrope pr”= const., where the specific heat of the 

— Jq 

change is defined by the equation c=Cv -We 

71 ““ X 

may then consider the general gas cycle to consist of 
two pairs of such polytropic curves, whose specific heats 
are ci and C2, respectively, where C2>ci. 

Let abed (Fig. 62 ) represent such a cycle. As 
J^abe= ^^eda it folloWS that 



or 


T T T 

Cl log* ^ + C 2 logs -^=Ci log, Y + C2 log. 


Tz 

T2 


Cl log. 


TTz 

T1T2 


= C2 log. 


TTz 

T1T2 


TTz 

But C2>Ci, and therefore log, There thus 

i li 2 

exists between the temperatures at the four comers of 
the cycle the simple relation. 


TTz=TiT2. 
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Operating as a motor the work lievt'lopnl is equal 
to the (litTerence l)etwei'U ilu' lu'at reeeivi-d and the 
heat rejectc'd, or 

, 117 = +Co( 7\ - T) -ed 7’, - T,) .-r,f 7’:,- 7’,). 

Eliminating 7’;! by means of (he pnreding relation, 
this r('duc('s to 

The thermal etiicieney is (herefon! 

(eo - cx){’l\- T)[T .7\d 

’ 7’ir,(,7'-"7',) i r,(7’r- -7')i’ 

whilfi its r('lativ(! ('flicrn'ray ns compared ^vith (Ins 
(larnot cycle is 


(r--c,)(7’,~. 7’)(7’ r.,V'I\ 

' yin (7’.7’,) I c,(, 7’,.7’ 11,7’, - 7',) ‘ 

If th(i iipper and lower temperatures are maintaiiK'd 
constant it is evichmt that by considering point a to 
be tixed and c to mov<' along the isothermal 7\, 7’ ctui 
b(! made to assume all intermediate values. During 
such a eomphdt! change; the extenuil work wouiil pass 
from zero through a maximum back i(» zero. H' is 
therefore a function of T and the value of T which will 

iiw* 

make W a maximum can be found by 8<;tting 
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Thua 


.’t ir. (, 

(IMV 


ilT 


( fp m 

0 (" ,],/■- 


■ icj~r 


I I 0 0 


or 


'/’ \ T,. 


Thd siihstituliun of this vuliic uf T hi tlu- (‘xpnwion 
for work given 


An 




(r.-'-e. I 


i'/'i \ V’lTThN 7 ’i 7 ';.-'/’u) 


N TiT.j 
tf,; ('I'M \ 7^-\^7Vl». 


Umler tiivat* ftiiuiilitiiH the heat nreived IxToiaes 


Qi TiTr-T,i \ 

j r,s 7'm> 'l\~ \ 7’,X 

atiil tlte tlienual e(iii’i«‘H!*y 


(V, r-,n\ 7’,’ \ 7',)'' (r, r,Vv7'," \ 'K)^ 

’ ‘tr,N T,\v,\ Ti){\ Ti \ 7*,') nv 7’,Tra\ 7’i 

'I'he relative vahie of thin cycle as coiuparcti with the 
Cart«)t is therefc»r«! 

1 f VfS 

Finl Mima'nl (‘tisc. If oj oci the cycle cotiHists of 
two iHOthmnals tu«l twi> jitilytrojn'c curves, as shown. 
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in Fig. G 3 . The oxpros.^ion far the innxiniinn amount 
of work ((■o-ci)(V2\-v'T::r gives ;iu infinite result, 
because no limitation has been pliKa'.! upon tlie i.snftier- 
mal expansion. Although tlie gtaieral e\pre.ssi(in.s 
POSSC.SS indotenninaU^ fornus a .special .selution can ho 
obtained directly from the 



Fici. 


The work dcveloijcd is (aiual to that developed in a 
Carnot cycle, 


log* - f,) log,. 


th 


or 


A‘(Ti-'/>,) log, 

Ih 


The thermal efficiency of the eyh; js llutreforo 


AR{Tr~T,) 

ci(Ti-T3)+^/er, hg/i 

!>• 
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iiiJi 

anil it.>< ri’Intivt* cirififUfy as with the Carnut 

cyeli! U 

Mn\ !nj,% 

^ _ /'■■ 

t-j,j .i/y/-, 1,.^^ 

/»« 

(«) Wlit'a I'l i\. this riHturc'.s Id the StuTinij; eycle, 
(•unsi.Hthi^ nf two isulhenunls nml two fD!t.stant-vc»lutae 
curves. In thi.s chm- it U lunre eimveuiciit to u.st! the 

ratio of vohiitie.s *’ insteail of the oriwurea 

Vb Jh 

{h] When Cl Cn this n*ihicejs to the Kriciistin cycle, 
t’on.si«tiitg of two ifiotheinnals mill two con.st{uit-{>re.*iauro 
curve.s. 

Of cour.Hc the almvo lii.'ini.sfiiim ajtpliea to the etiHO 
when a regenerator in not used. 

Other special caaea will he coiwiiiereil in the Cluiptor 
on (ia.H-engine,H. 

The Non-regeaerative Stirling and Ericsson Cycles.— 
Inspection of the formula fur efTieieJicy or of Fig. 63 
shown that the ofEcieuey iurreH.Me.H the wnallcsr tho 
relative nmgnitude of the heat ri(7'i T-j) as cornparod 
witli that reeeivt‘i| during tho i-soihcruial proam 
That i.s, the greati-r the range of preanure in tlie lOritwoa 
cycle anti the Hinalier th<* elearanee in the .Stirling cyclo 
the higher the tdlieiencies. As the lieat reeeivetl during 
the isothcrnml chsmge hicreascs tho ellunency of each 
cycle approaches that of the Carnot as a limit. 
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Example. -'Hu; yinall I'lrifsson punipiiig-t'iigiuc (Stir- 
liiis cyfle without rofituiorator') has a piston S ins. in 
(lianu'tor and a stroke of -1 ins. The elea.ni,nce is 200 
jKT cent, of tlie piston ilisplaeenu'iit. Assuming the 
h'lnperalure of the fire to he 2 r)tKf F. uIks. and that 
of tlu' wat(*r-jaeke( (> 00 ° F., find the theoretical and 
relative idlieu'neies. 


( 7 ’i 7 ’,.hl/i’log. 


fvh'tmmm tlinpInceinMit 






e.,t 7 ’t ?’ 2 )i d/r/MogvC 


elfninuu'^ pintuiult-i JncH'inH/ 


clearaiict) 


tlt-f jncH'in'lA 

-t) .. 


(2500 ■■ IKK)'! X X2.:i0:i/H,,, 

i iS 2 

" sffJlTi ^ 3 * 

0.10!H2500 000) ! X2500X2.:i0:i/jo,. 

i tn 2 


13,1 iH*r tH’Uf. 

2500 000 

2500 


Wt •.n.u, <«>.() per cent. 

17.0 jH‘r rt'Ut. 




^c: 


iMUUi 


The Ericsson Pumping-engine. The .small Krie.s.s()n 
pumping-engine works hut appnsximately upon Iho 
Sterling eyele, n.s the dhplarer and working piston arc 
not timed .so tit ttperate that tin* ililTerent thermal iwents 
an> entirely .sepanite. 'flii.s aetisin, eomhineil with the 
tran.sferenee of heat iH-tween the air and the eylinder 
walls, re.sullsin a roumling off of (he eonier.s of the uleal 
eyele, giving an imlieator eanl .siieh a.s is shown in 




I!ir!\^A!li EXOiMu^, 


It >7 

Fig fil. It i" 1"‘ lurtluT uulifi'il that hcaiiag niul 
cooling at coustunt volume cxisf only fur a moment 
at the eiuls of the .stroke, I'hi.s i.s ,lue to the almost 
entire' absence' of any regenenilor. The only opeTation 
which in any way approximati's (hat of a regeiu'rator 
is the* siuleh'n (nin.sft'n'tu't' of the' air from one' e-ml eif 
the c'ylineh'r tee the- ettheT, ('aus>»ig it (ei meive' ii: a thin 
she'd threntgh the' narreiw s|iae'e' betwe'e'ii the' elhjehu'e'r 
anel the' e'yliiieh'r. It thus e'emie-.s intei e'emtae'l with 
nu'tal eif varying te'Uipe'rature'.s,anel h thu.s partly hi'ufe'el 




or ceeule'e! ehiriiig transmissiem, the' re'.st eif the' hi'uting 
or e-eieiling occurs eluriiig the- ope'ratiem of the' working 
piston. 

This engine in itself is of no gn-at intere'st to (!»< 
ongine'e'r, but tlu: 7’</»-a'inlysiH e»f its inelieator eairei is of 
value' in that it pc'rmiis tif llie- elire>ct applie-ntion of tlie* 
princiiiles alre'ueiy ctiseusse'el in the* (‘hapli'r em Ferfi'e-t 
()a.se'.s witlienit intreielueing the variotw etillie'ullie.s tei 
be nu't with in gas-engine' carets. 

The same* charge eif air is irsc'e! ('ontiuueiu.sly in the 
Krie'ssein e'ngine*, the' hetit h'ing ri'ce'iveel aial re'jeefee! 
thremgh the walls of the cylineler, atiel the* iiielieator e-urel 
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thus represents a closed cycle of a definite mass of air. 
It is true that during the inov(.'ment of the disidaccr the 
air is partly in contact with both the heated and jacketed 
portions of the cycliiuler and is tluircfon; not of uniform 
tcniperaturc, and similarly when the displacer is at 
rest, althou^i most of the air Ls in contacd with either 
the source or the refrigerator, part of it is nevc'rthehss 
in the narrow space outside the displaces- and thus at a 
different temperature from that of the main portion. 
There is thus at no instant a uniform te'inpcu-ature 
existing throughout the ('titire mass, but from tiui known 
pressure and volume thi^ average temperature is ch'kr- 
minable. 

The range of both pressure and avenigt' tempt'raiuro 
is so small that tin* air folhtws tipiireeitibly the hiw.s of a 
perfect g!i8, so that Cp and <•„ are consttint. 

The mass of air is tmknown, so tluit only the ratio of 
the specific volunu's and itot tht'ir absolute vtdui's are 
known for difft'rt'ut positions of the piston. Tlu; only 
item dt'fmitt'ly known is therefore the pressure as 
measured from tht' indicator card. 'I'herefore in the 
T^-proj(;ction the pressure will lie the only propt-rty 
defmiU'ly known, but the ratio of the average tempera- 
tuns is known for any two positioim of (he piston. 
Furthermore the indicated W(irk lieing known tht; jirea of 
the indicator can! in the Tc/i-planf' represeids (h(' h('at 
equivalent of this work, and thus the B.T.F. p(‘r unit 
area arc determinable. Evidently if tlie ttu'an t(>m- 


HOT AIR EXaiNER. 


ir.O 

porature should lx* olitaiiiod experimentally for any 
posifnm of tlu' pisfnu, the weight of air in fh(‘ eyUiuIer 
could be computi'd and thus the scales of temperature 
and entropy become known. 

Fig. (15 shows the Tr- an<I Tf/j-projectiona of the 
py-eard by thi^ methods outlinwl in Chaptt'r If. Biv 
cause of tlu^ large elearanet' of tlu‘ cnigine it wius po.Hsible 
to economize space by placing tlui ITf^-projection to the 
left of th(i Te-projtH-tion. As soon as one iH^eoimsi 
familiariz(Hl with the metluKls the three <Hagrams can 
be superimposed without dtdracting any from their 
value. 

The. indieati'd p<nver developisl p<‘r cycle Is obtained 
from tho mean effts-tivt* prc'asure and the dimensions 
of the cn^ne. Fnmi this, together with the areas of 
the two diagrams, the foot-poiuuls and tho IhT.lT. jxjr 
scpiare inch may he* dtdenniniHl in tho pv~ and 
proje'etions respe'etive'ly. 

Thei heat reeeived and rejected by tho air jjor stroke 
may now l>o nustsureHl as tlm surface scale of the T<^- 
diagram is known, although tho scale of tho cooniinates 
is unknown. 

Th(! lieat thc'oretically available {Hjr cycle can l)o 
found in any given eas«i by mejwuring the fuel and 
multiplying tlu* weight per cychi by its calorific value. 
Tho difT(*r(!nce Isitweiui the heat available and tho heat 
roceivi'd rttpreseniH the heat hwt up tho flue and to the 
surrounding atmo8ph(*re, cooling water, etc. 





Fig. 65. 


fllAPTKR IX, 


Tin«: TKMPKIiATritK KXTIItirV UlMntXM AliiJKP TU 

c^as*kx(;l\k vwim , 

No attiiiipf will Im* itiiifli* I»Ti‘ t«i Iran' tfii‘ hint 
loasaH (lur to nuliiitiitii Ilia! t!ia rimliiig wiitii* in flin 
jafkc‘ts, but thn ryliiaka* aiit! mill Ik* 

iiniH‘rna*nbh‘ In lif*n! in all ra>K»M. Tliiia liy a rtaiijinri- 
mn {jf tha ib«‘al fur iliffia'iait ryrIr.M flm gnln elm* 

to initial cKinijiri^mtni iiiid llin Ihhm fnan inrtiiti|ilntn 
expannicni may ho inoro rluaiiy ilrliiimL 

The Lenoir, Otto, Atkinson, and Diesel Cycles. 11ii! 
Lcatoir rynlo wm iiilrtHlui*e t in iHiifA IIh thvrtmt- 
ilynamia prinriplua morn ri^lainnl in fht! ilillVmit fii^r 
piston an|^im*.s. Tlu^ai* \vt*ra nimaonuiiiicnil lunl titnay 
and hava dlHitpiaJarctd. 11in only miiiiiiiing' rxaiiipln in 
tbn BLsrhofT, a aitiipin aiiintl vortiriil t^nginn. 

Tlie laamir eyaln ncniaialH eif tlio following nvonlH: 

(1) During tlin firnt part of tin* forward afroko a fmah 
explosive iiiixturn m driimii in by tlit» piatoii (n/t in 
Fig. CHi). 

(2) A little* bnfore* linlf-atrokn m r«*ii<*Iit*d fhi* Hupply- 

valve clciBc*H and tlio nxploainn oofura. In nidify tliri 

ITl 
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combustion requires an appreciable time for its com¬ 
pletion, and thus the heating takes place while the 
piston is moving forward, i.e., at increasing volume, 
but for the ideal case the explosion will be considered 
instantaneous, and hence the heating will be at con¬ 
stant volume; along the line AB, 

(3) The rest of the stroke represents adiabatic expan¬ 



sion of the heated gas down to initial pressure; along 
jBC- 

(4) The return stroke, during which the products of 
combustion are exhausted. Thermodynamically this 
is equivalent to cooling at constant pressure; along CA. 

About the time Otto and Langen were expcu’imenting 
with the free-piston engine, Beau de Ilochas described 
a cycle which would make possible the economical 





1 '• . . 1 .^' \ / rvt t.hs. 


17.1 


running <if a ga- rngint'. wnHctulMMlM'd hy Dr. (Hto 

in Ilia i^iifitt fiigiia* in ls7l> anti }in.s )1 iu.h laaauiM* 
ciatfd, .nlSlaiugli wnmgly, with his uamt*. 

TIh' fji'lf funsists tif tilt' fiilluwing I'vanta: 

(1) The lirawitig intti fhn cylijitiiT at ntnuwphcric 
pri’HHun* nl' a nt w I'Njlttsivn niiKtnn* (hnnightnit niw* 

strukf iti.l itj Fig. (Mi). The vnhutu* of th<* 
chargt' is MA atnl cintHists tif tin* hurnt pnxhtctH in 
tlir {•Ifaraiici* .‘.pafi* , 1 /(i tin* hast cluirgt* pUw thfi 

fn‘sh clturgf. 

(2) Tin* niliahath’ I’tunjiriwhm tif (hia churgt^ on the 
return .*.fn»ke «.f the pisttm AlK Thw eotn{»r<*«8k)n of 
the gjus info the elesinmee sjinee in tlont* ut the exjienae 
(if the energy in the flywheel. 

( 1 ) 'f’he ignititin iiml exploHion of the eharge while 
tlu* piston is at rt si at the thwl eeiifre, thuK incretwing 
the pre.s*iure atnl letn(rt*rnttjre at eotinfunl volume*; along 
l)K. Assuming that the same ipuuitity of mixture is 
UHetl hy latth the hemiir iiiul Otto (‘tigine, the heat 
generated hy tlu* exphwion will Iw the same in both 
(>!i«(*H, i.e*., the iiretw imth'r tlus cun'es AB and DE are 
<*(111111 in the* TfjtHXuvfAMH. 

(4) 'riie* (‘xpansion of the h<*akHl gases throughout 
the* entiii* stroke, assume**! mliahatie.; tilong KF. 

(r>). 'I'lie* elroji ill pressure* due* to the opening of the 
exhaust-valve while the piston is at the end of the 
stroke, 'I'his is eejiiivalont to cooling at constant 
volume*; along FA. 
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(6) The exhaust of thelmnit gas(\s during th(‘ return 
stroke^ Aa. (duuigc^s of loeatitai art‘ not nM‘onl(‘(l in 
the 7h/)“duigrani. 

In th(' Atkinson caigiiaa now no longt^r inad(‘, the 
(‘y(^l(Mva.s tlic' sain(‘ as the* t)tto up lo thc^ point and 
th('n, ins((‘at! of rc‘h‘asing tlu‘ hot gas, flu* <‘Xpansiou 
strok(^ was knigtlieiUHl by nu'ans of an ingenuous 
nu'chanisni pcu-initting the* adiabatk* (‘Xpansion down 
lo back pn^ssun*, as n^presinittn! by FiL Hum the 
exhaust stroke* was from (I to whi(‘h tlunnno- 
dynamically is CHfuivaltmt to coeeling at constant 
pressure*. 

(k)mparing the* Atkinson and Otto (*y<‘les it is at 
once* (*vide*nt that there* is a loss ed weu’k and (4 lu*at 
eejual to AF(! in the* /a*- ami 7k/*“plam*s, n*spactive*Iy, 
due* to incomple‘tc* expansion. 

A (‘omparLsem eef tlu* Atkinsem and Iu*iitnr c*ye'l(‘s 
shows that as t!ie* h<*at re‘e*<*ive*d in hot It is the* same* 
while* that n*jt*ete*d hy the* ia*n{hr engine* is the* grc‘at(*r 
(eompare* arc*as unde*r 0/1 and (r/t)j the e‘tlieie*nc‘y e>f 
the* Atkinson is tlu* gr(‘ate*r. 

Th(*ore‘tie*allyi thc*ip tlu* Atkinson <‘iigiiu* lias the most 
perfect ey<*le of tlu* tlire*e, but m*v«*rfliele*ss it has b(*e‘n 
entirc*ly seiperseHled by tlie Otto engine, Tlu* nmstm 
for this l)c*coint‘H at once* appare*nt from tlu* etiagram. 
Even if the* ar(*a AF(t\ n*j<*cte»e! by the Ottce e*ngine*, 
due to iiu*oinpIc*te e*xpanHi<m, w<*re jus! ecpial te) the 
area uiieler (K! of the Lcauur e*xliauHt stroke*, tlu* Otto 



l!i j 


WOuH 1 h^ j^ni’fi'abli* T'^ !:ilf'^ • » fh^* 

linuHIllt t’i»ii!ii fir «i«'\» |m| ii <; Wi!!i a 'aiaill* I 

(‘!i|xin<*. Sii|'|«lip ipp’ Ip'ipr* m iiir 

uhoVt‘nt I It rlil^ilit* 4i I’l 4 I I* l! . 'p li;tl’.at II* 

IpPil tli»' aa- u r lailiaJ trill 

pc»mfurc‘> :i.>* Ai^\ lla* r\pl*paHii iiPitiM ipi'ii iii'tiir 
along flit’ cpiipoaiit tair^p ulita’r ilir ar*ii 

unfl<a* /yiA IP fpjiia! Ih i^iai iiipirr , aa tip* -inm* 

lu‘ai is gf*iii‘nttp«l ill hiah f*t .i Tlia inlialpalif* rapaii- 
sion wcailil ihhi !«* //I ' anil flu* i*\liaii"t \\Hiiiii 

fa* along FAl, iliiin* llio miiii»‘ Ufto liigino \%tlli 
initial iptiiipnapa^ai ilno i!fp‘rtpipr»i riraniiiro 
wcmlil gi\t* iiii'i’i'aMpl rfliritin*) , mp tlir lipal rrjnit'ii 
uiiclor F'A is losp iiiitii ilmt rrjoiitp! tiiaii-r /-‘J. IIiin 
caigitif wotili! now hr firttor fliait llio Ltanor, l«4!i 
inodianioally aial tiirrifiOi!yiinifii«*it!ly. loirt lioroioro 
tlu‘ Ic^SH itiiP to iiiofiiiiplilr iwpaiiPioii horiaiirp has 
lH‘(*iniso tin* lioiit tiitip rrjiS’iip! ri4iirr4 (000 AFi/ 
to AFAtA I1iat is, t!it» liiglao’ I la* iiiitia! oiOiiprospitui 
the* lass Ilia tlifHirt*ti«ail siiporiiiriiy of l!io Aflansoii ti\i*r 
the* C Hto liigiiio. Anti iit tip* artiiiil liigiiia ilia iia*rt‘asoti 
eoiiiplt*\ify, friiiion iiip;y niiil ilniigor of tfio 

Atklosiiii loon* than ri»iiiitor!t»alaiift*4 I ho llioorotira! 
aiipcsiorily. {laiiao Iho tlitu oiigifii* is priii*fi«ailly 
the* most 1 ‘fiirifitl of flit* thrri*. 

In tho Clttn avata tlio tfiitpt*riitiiro iii flu* otiil of 
cotripr(*HHicm m itnt vary high rt*!iilivoly, na flint during 
the* first part of Ilia roiitliiislioii tlia mairkitig fltthl i« 
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much colder thiin the .soun^e of h(>at and does not 
attain this liigh ieiuperature uidil tli(> end of the com¬ 
bustion is reaelu'd. I'lu' lu'al is iluis rt'c('iv(>d at con¬ 
stant volume and incn'asing leintic'rature instead of 
at constant. tem]i('rnture and increasing volume. It 
was shown in tin' first chapter that any such dt'viation 
from a (’urnot cyeh* means a <!rop in ellieiency. 'Phis 
led Diesel to invent a cycle during which most nf tlu' 
heat should Ix' n'C(*iv(‘d at tlu' highest available tem¬ 
perature. Ills method is to compn'ss the air initially 
up to about fiv(‘ hundn'd pounds pressure to the .stpinre 
inch, so that its temperatun* is ab<iv(‘ the ignition- 
point of the comhustibh' to be u.scal. 'Phe inj(>ctiun 
of a small ((uantity of fuel causes the temperature 
to increase still further at constant volume up to that 
of the combustion; then as the pi.ston moves forward 
the h'mperalun* of the gas is maintaiiasl nearly constant 
by the injection and ctanbustion of further fuel. 'Phis 
histstor about one-t(‘nth of the stroke, 'Phe indicator- 
cards taken from such a motor show that the de.sired 
regulation is not perf(*ct, the temperatun' somelimes 
rising, scnjietimes falling. 'Phis, howev<‘r, oidy ath'cta 
the magnitude of the gain from such a <’ycle, as all of 
the h<*at generated on the forward stroke is trans- 
mithal to the working fluid at an eflit'iency corre¬ 
sponding to that of the uj^jH'r part of tla* Olio cycle. 
The cards show also that the ex|taiision may or may 
not be cairial down to the hack pressure. 
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Fig. G7 shows the ich'ul tlingninis for the Otto, Atkin¬ 
son, and Di('s('l cycles for tlu' snnu' ([uantity of heat; 
that is, the an'as under hr and h'yr' an* tlu^ saiiu' in the 
r<^-plane. Tlu* change! from b to // shows the' in¬ 
creased conijin'ssion in the Diesel motor, b' being at or 
above the temperature! of ignirieai. 'I'lie! lu'ut receivenl 



along h'tj is not rt‘e!e‘iveel under tlie* inost edlicient eem- 
elitiems, but still with an eiriciemcy eeiual to that of tlm 
lK!8t part of the! Otto cyede*, while tluit ree-eived alojig 
the “i8e)thennal combustieui line!” e/e:' is obtaineel umletr 
conelitions of maximum edliciency. 'I’he c'fTect, as is 
edearly sheewn by the! diagram, is to increiise the amount 
of heat e'hangenl into weerk and to diminish the hiiat 
rcjccteul. On the return Htre)ke the eamelitions of 
the Carnot eeycle are more! closely appreiximated in 
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the Atkinson am! llicsol cnoIcs when' tin* lu'al is rn- 
at constaiil in'ossiiri' than in tin' (Itto cycln 
\vh('r(‘ it is ivjocU'it at constant voluino, as lines of 
constant ]pr('ssnr(‘ <lcviat<‘ from isotlicnnals less than 
do liiu'S of constant voluima 
The Brayton or Joule Cycle. I'p to tiic present time 
the Otto cycle has heen ahno.d. exclusively employed 



Fici. ns. 


because of its ease" of application in the reciproeatitig 
type of motor, hut occasional attempts have uImj been 
made to heat the fiad under constant |»ressuri‘. Such 
a cych; is now assuiidng importance* as oUVring the 
most probable solution td tlu; gas-turbine problem. 
Proposed by .lotde this cycle is [lerhaps better known 
through its ai)t»lieation in the Hrayton engine. It 
consists of the hdlowing (wcaits (Fig. tiS): 

(1) The (duirging stroke; of the compressor cylinder, 

eb. 

(2) Adiabatic eomju'e.ssion in the* compressor, be. 
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(3) Dls(*luirg(^ from (h(‘ coinprc^ssor a( (‘onslant pres- 

miVj C(l. 

(4) Duriiui; (lu* (raiisrtM* frmn the pump (u ihc workiug 
cyliiuka* (or to ihc uozzh' of the' UirhiiuO tin' rliarg(‘ 
rc(HUV(\s lu‘a4 (‘itlua* from (‘xlta-iial sounas or from 
combustion undcu’(‘ons(an( {^n^ssim^j but with inerrasing 
voluuu^ and ((‘mpea-atuou 

(5) Admission strokt* of tlu* working cvlindca*, de, 
Proccssc's (3))j (4), a.nd (5) occur simultantHmsly. 

(b) Adiabatic, (xxpansiem in tlu‘ working cylindc*r or 
in th(i nozzlee/. 

(7) I)ischa.rg(‘ fnati (Ik* wcuiving cylindtu’ against a 
(jonstant !)a.ck pri‘ssun\/n. 

The net rtssult is thus r(‘pn^sc‘n(cd by tlic* cytde /av/, 
consisting of two isciitropic* and twt^ (amslant pressure^ 
curv(\s. 

It is at on(*(M*vidt‘n( that the cfllcicncy of IIk* Mrayfon 
cyclt*.^ like. that, of tlie. Oftig int‘n*asf\s with imu’taised 
initial compression. 

It is instruc*tiv<^ to c‘o!upa.ri* (hf‘ tlniK* idi%*il cvcles of 
(!a,rnotj (TT), and Brayfon invebvingas thoy do heating 
at (‘onstant t(‘mp{*ra!iirc% t»onstant voiiiinta and taiii.slani 
pr(‘ssure undea* diflVri'Ul coiulirmns. 

Ii(‘t (tbrd^ ithvUI% aiicl (Fig. t>!)) represmd flio 

Otto, Brayion, mul Oarnot c‘yclf\H rcspe‘ctivt4y, for Ihc^ 
samt^ wcaght of ciiarge Wiu*king with the mini? ifiitiiil 
compr(‘Hsiom The areas mitler hc^ bc^ and will 
then be cciual 



I.SO THE DIAQMM. 

T!h‘ tlu^rnuil lA tlu: cyt*k\s are found as 

folli)\v,<: 







Wy, ■ vO ■'■;•!) 

r^vu-v^'i) 



that, tfi, '*<■«*»*»«*• 
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Such a case might arise when all throe engines were 
using the same combustible, thus necessitating that 
the initial pressurt; be litnited to prc'-vent pre-ignition. 
Since the effunency of all three cyclcis will be the same, 
a decision as (,o the most advantag(H)Us to use must be 
based upon other considerations. 

Tlu^ diih'rc'ucc's between the three cycles are best 
shown in tabular form: 

Hiuigo. Volume Rimga. T«mp. Rang®. 


Brayton.Mitiinunn Inienuediaio Intennodiate 

Otto.Maxhmim Minimum Maximum 

Carnot.... ..InttTiiuHliato Maximum Minimum 


From tlu^ table the Carnot is shown to be the least 
dcsirabl(i in that it requirt's tlui largi'st <mgine, although 
the (luctuafions in its rotaiivt^ (ifft'ct arc not as great 
as in the Otto, so that the working parts would not 
need to be as lu'avy as in thti latter. Ilut besid('s this 
the Carnot cychs has to In; diseanh'd as unfeasible 
because^ although th(i I)ies('I motor approximaU's it on 
the forward' strokii no gas-engint! has as yet been in¬ 
vented to giv(! Isothermal compression. 

The Brayton cycle has the minimum change of pres¬ 
sure and thendore the least fluctuating rotative (iffcict. 
Its volume range is, howewer, greater than tliat of the 
Otto. But again the ma.ximum temperature reached 
in the Brayton is less than in the Otto, so that less jacket 
cooling of the cylinder will bo necessary and the inter¬ 
change of heat between g<is-metal-gas will also be loss. 
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Bv k.'i'p'iiur tli<‘ ana air srparaU', ia flu- Diosol 
matia-. il I'u-^ai.la l.. u'.i!i.’..' nmah hi-luT iaitiu! cniu- 
ptvHsinii. ana ihaa tin- niily Umi! ilu'.aviu'ally is Iho, 
ivsistancn nl' thn inarliinn !o piv <iuv ur lamparaluiv or 
l»,ih. Wo will ii"vi ntmparo ilia I’.raylou aial Otlo 
ryolo. with rof.Tonoo (» luaximtim pivssiuv aiul maxi- 
iiiiiin ttiiiprraltin*. 
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due to heating will carry it just (o c'. As the charges 
arc ich'iitical (lu‘ anai under he (‘([uals the area under 
h'o'. Ihit (he lu'at rejc'cted in (he Otto (>\c('(‘ds (hat in 
the Brayton. \Vhenc(' it follows (hat given a Brayton 
and an Ot(,o engine' working between the same lunits of 
pressure the former is (lu* more eflicieut and possesses 
the smaller temperature' range'. 



Similarly le't ec' (Fig. 71) re'pre'se'ut the' safe' maximutu 
tenniK'rature'. The'ii nhed aiul td/ehl' will re'pre'.se-tit tin; 
Bniyiem anel Otte) (>ycle'.s, re'spe'e'tively, working betwe-e'n 
atmeesphe'rie', pre'ssure' anel (e'lnpe'ratiire' nuel tiiaxitmitn 
te'miH'rature' ee\ Ageiin (he' Braytem e-ye-le .show.s tlut 
gre'atea- eflie'ie'Ue'y, altheitigh heith pos.se‘.sH ihf; samo 
te'mperaturei range', anel the' Ottet cycle law a trille tho 
smaller pre'asure' range'. 
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Deduction from the General Theory of Gas Cycles.— 
On pages 1(‘>1-1()3 we discussed the general case of a gas 
cycle consisting of two ifaira of poly tropic curves, and 



obtained m tlio condition of inaxituum work per cycle 
that 

I'his gave for maximum work and the corn^siKuiding 
efficiency the expressions, 


and 


W„ 


es-fl, /;, 


A 


(VT 


2 # 






Smnd Spmal Case.—If rj 0 tlw cycle consists of 
two lsentr«i)ic and two j)olytn»pic (mrves, tw shown in 
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Fig. 72. The nuixiimuu work per cyclo between given 
temperature limits reclucc's therefore to 


W, 




and the corresponding tlumnal eOicumey to 

\^T[%~T-z T-Tz 

Wx.work== .- ' 

whence as on p. 17(>, 

The dimensions of the (mginti to give the nui.ximum 
amount of work per cycle btstwiam any given tempt‘ra- 
ture limit.s may be found as follow.s: 

The ec^uation of the SVprojection of an ailiabntic 
gives 

whence 


/ Clearance 

\vj VClearanco >i- piston dij 


piston displacement/ 

r, )5^ 


.V- 


r vnrr^L' 


or 


Clearance* 
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Variation of Efficiency with Load. (dlicit^noy of 

tlu‘ inti^rnaLf^oinhustioii oiiifuu' varit^s not only with 
tlu' iv|H‘ of utilizoci, lait ah^o with (ho Form of 

n^ji^ulati(ai atlopUnl in any pani^ailar ouihno. 

.1. I^n^iiu‘S workin.u* upon tlu't H to ryclv iwv p^ovta-iuMl 
by tlu^ bdltnvin^ inn!hods: 

I, 11it‘ omission of an o«a‘a.^ional c*har‘^i% known as 
hit-oruni>s rot^ulation. 

II. dlirotflin*^ of thr find supply, known as tjuality 
n‘L!;ulalioii. 

III. \‘ariai!oii c»f llio anmiint of cdiarpo. obtaiiUMl by 

throttruiy lht‘ ini\liuv or b\' a variabh* c*ut- 
off, know'll a< iiuaiilily rotuila!inn. 

IV. Ui\Ltulati<m by \ar\tii!,!; tli«* tinir i;mitioin 

\k \dirious t’onipiiuiid inoiliods iii\‘ohiiiii; hvo tir 
nmn* of tin* abovt*. 

ThnniTtnlscif tlwo* various luoilio.is upon tho l•llii‘i(‘n(‘y 
of tho iupi^inr uiidm* variabli* Inail nan hr nk'arly illiis- 
trafnd w’iili tbn idnal ryrfo in tin* V piano. 

L ///Lor-za/ss ■■■4Vht*iiov»*r a cdiari?* of 

fiU‘1 is oinittrd tlir sniViiisiiip miioii of lla* air rom- 
binoil with ihi* oinoilaiil a<*lioii of fir* jaokrfs to 

roo! tho l•y!illdor wall- and tho adtiii-doii purl : to a 
toinpnrnliin* lM*l«nv tlin iivoniwiu mi that tin* iio\t rhar^^a 
will bn foolor and of ^^rnafor »loitsi!y. 

Thnrtdbrt* Iht* first r\plosii*ii iiHiiii'dialoly following 
a iiilsH slroki^ will bi* inon* powtuldil than I lit* avoragn 
m it roiiliiins ii gri^afti* ipiaiitity of lia*!, 1 htis if fdr d , 






GAS-EXGIN E C Y( l.ES, 


187 


Jg. 73; repmsont i\iv. iiV(M*ag(‘ tlu' cyclt^ following 

Die miss will Ih' n^pn^si'iitcHl by sonu‘ diagraui su(‘h 
as dhcf'(U\ In (‘as(‘ of light loud it may luippiui Dial 
two or mon^ miss strok('s occur succu'ssivdy; in which 
case the walls may 1h‘ cooIcmI to such an (‘xtimt that tlu‘ 
nvsulting low ((‘mp(‘ra.tun‘ of tlu* next charge ndards 
its combustion. Tliis is tMiuivahmt i‘xlumsting part 



Vuu 7 : 1 . 


of the cliargc^. unbunuHl and n^sulls in a smaller liiid 
diagram (thrd 

It will 1 h‘ notic’CMl that witli cmnstnnf [huI optaiings 
and constant siH‘(‘d the throttling action diiringadiitHsion 
is always tlu* sanug so tlial tlie pn‘ssure at t!a* end ttf 
atlmission Is always prncdically the same, lhaicat if 
the minor variations in percentage mixture (xniised tiy 
the varying density aial f‘omp<mition of tla* elearanct^ 
gases' may Ik‘ ovculooked, tlie eflVci of a miss Lh 

simply to vary tla* power at tlu* suf‘<aM*diiig atmke tait 
lud. its cdric'icmcy. 



188 THE TEMPERATURE-ENTROPY DIAGRAM. 


Variation in load is mot automatically by the engine 
by varying the freciiiency of tlu^ miss strok(\s. There¬ 
fore this typo of regulation must gives practically the 
same thermal efficiency for all loads, but it has the 
mechanical disadvantage of nseiuiring mores massive 
cemstruction anel hcaviesr n3'-\vhe'esls if gesesd resgulation 
in spese'el is tes be- esbtaiiu'el. In praedle-e' eaigiiu's gesvernesd 
by hit-or-miss re'guhdiesu usuedly shesw ii sesmeswhat 
gresatcr fued escesnesmy than is esbteiine'd Isy tins other 
methesds. 

II. Quality Rajidalioii. A full ediarges esf fued anel air 
is taken csach suctiesn streske*, but thes peu-e’emtages mixture 
is varieel by thes gesvesrnesr which e-esntresls a throttles 
valves placesel in thes feiesl supply jsipe'. The initial press- 
sures besing thes same the esfficiesne’y shoulel apparently 
bo the names, but experiments maeles upesn esxplessives 
mixture's* esf fued anel air haves sheswn that thes rate 
of combustion is retardeel by elilutiesn, anel this elilutiem 
may resaelily be so gresat as te) presvent cesmbustiesn or at 
least te) eleslay it until after thes charges has left the 
cylinelesr. This unburned or waste.el hesat, combinesel 
with thes gresatcr reslatives esfTect of the cylineler walls 
upon a smaller heat charges (sec next chapter), servesa 
to eliminish thes efficiency as the lemel falls olT. 

Thus if d)cd, Fig. 74, respressesnt the hesat available 
at full lesael, at)c'(l' wesuld respre'se'ut the heat available 

report by Author iu Technology Quarkrly^ Sept.^ 1900, pp. 
24H ■2o\). 
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for some smaller load if it wore not for the ahova^ inon- 
tioned 1 oh.«(is. Due; to dilution, how(!Vor, a ('('rtain por¬ 
tion of this tluiondioally availabk^ hoat, sa}' c"c'd'(l", 
either is lost through iinporfoct ooiuhustion or is so 
much delayc'd as to bo gcuKU-att'd afku- the charges is 



exhausted and must tlusrcforci be; add(!d tO' tlu* (uxhaust 
lu^at, as d'e/tj. 

III. QuantUy Governinn. —In this system of rc'gula- 
tion the perocaitagc! mixtun^ is adjusU'd by hand to give 
the maximum explosives values anel is theui main(aine-d 
constant, but the eiuantity eef thes ttiixf.ure- eulmittesel 
to the esylinelesr is esontredlesl by a valve* plae-eul in thes 
pipe le'aeling .from thes mixing chambe*r tes the* e-ylhule'r. 
Thes aestiesn esf the* ge)Ve*rue)r lK*ing esithe*r te> threettle* the* 
valve thresughesut the suestiein streskes esr tes e*le»Hes it 
completesly at varying pesreents esf the* sfreskes sej as to 
adjust the eiuantity of charge to the loael. 
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(L Throfllin(j. lit^gulation by throttling involves a 
drop of pr('ssur(‘ in tlu‘ tlirottle valve so that tlu^ i)ressure 
of admission is less than the })ressur(‘ of discharges. 
This pro(lu(‘{\s a lU'gatives loop in tlu^ indicator card 



whoso arc'a nu^asun's tlu^ work nMiuirc'd to ovtsrcome tlus 
friction losses during admission and (sxhaust. Sees 
Fig. 75. 

h, Aulonidltc C 1 ( 1 - 0 ff, Jh^w tlus valvt^ is kesptwides 
opt'u until (mt-off occurs. Iltsnc^cs tlu' chai’gc is admitted 



at atmosplHU’ic pn^ssun^ up to cut-off, and from tluit 
point (‘Xpands adiabatiexilly to tlus (uid of tiu' stnjkts. 
On th(‘ compr(‘ssion strok(‘ this adiabatic* opc^ration 
is jrav(‘rs(Ml in tlu* noxn’se* dinH‘tion until atmospluwic*. 
prc*ssun‘ is r(ii(*lu‘d. Tins friction loss of thes prcccnling 
mt‘thod is t.h(UH‘for(‘ avoidcMl. Figs. 7b and 77. 

Tht‘ wenght of tlu* burnt gas(‘s is pra(‘ti{*ally always tho 
sanu\, as they are discliargcHl undtu* tlu^ saint' pressure, 
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while the \vc‘ight of tlu^ lu^w cluir^x' varii^s wilh tlu‘ 
amount of throttling and with tlu' time of eutH)ff, so 
that the proportion Ix'twecai tlu‘ burnt g■a.s(^s and tlu‘ 
new charge' is a variable', that, is, tlu‘ burnt gase's se'rvt* 
te) iiK're'ase the' dilution of the' gase'ous mixtuix' as the' 
load de'(*r(‘as(‘s. (Quantity r(‘guIa,tion thus poss(‘ss{‘s m)t 



only Ihc' losse's efut' to its throlding action but also to 
a stnall (‘Xte'iit those' due' tcj ({uality re'gulalitui. 

l\\ Iti'ipdidion by Vunjiny Ihv Time nf lytiltion. 
Ignitiem must oce'ur be'feax' tlu* e'ud of tlie' e'eaiipn'ssioii 
stroke' se) that by the', tiem* e'ompre'ssion is tinislu'd tlu' 
flanic' shall have' had opportunity tcj sprc'ael (luxaiglaaif 
the' e'litire' e'hargc' and proeluea' maximum presstin*, 
for any give'ii le)ad tlu' spark should thcrt'fmx' lie 
aeljusteel by hand sei as to give' bc'st ri'sults. In e|uality 
n‘gulatie)n anel tee a le'ssc'r (‘Xtc'itf in eiuanlit}* re'gulntimi 
the' rate' of llanu* tu’opagatieai falls e»tT as flu* loael <it»- 
(‘H'ase's, se) that* if bi'st re*sulls an* to 1 h* attaint'cl tlie 
spark must bc' cejrre'speaalingly advance'd. 
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Advantage is taken of this in many smaller motors, 
as for example in automobiles and motor boats, to 
adjust tlu; power of the ('ngim* to any desired condition 
by shifting tlu^ spark by hand. Thus practically the 
same (piantity of fuel is adrnitU'd each stroke and more 
and more of it wasted sis the loa<l falls olT. 


Assuming for the moment that the explosion is 
absolutely instantaneous tht; effect of retarding the 



Fk(. 7H. 


spark is clearly shown iii Fig. 78. Txjt abed nipresont 
normal running undc'r full load. If the load falls off 
somewhat the spark is retardinl until tins <;harge has 
expanded part way down thi! compreaHion line ha, 
say to ?/; it then burns at constant volume h'c' gener¬ 
ating the; same amount of heat as at fee but with lower 
temperatuns and hcuict* greater entropy increase. 
The rt'sult is therefore an increase in the exhaust heat 
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by an amount dd'fy. Tho later the spark the greater 
the increased exhaust. In other words the effect is 
similar to that which would bo obtained by an in¬ 
creasing clearance spac('. 

B. Engines working upon the Dies(d eycl(! an^ goveriKid 
by varying the tiling interval during which find is admit¬ 
ted to the cylind('r. 

Let it bo assuimal that then^ is always suflieieiit, 
oxygen present to insure comi)lete combustion of th<^ 



fuel at maximum load. If the fiud is injeet4*d so as 
to supply heat isotla'rmally tlu' Khap(^ of tl>e eyeh^ 
with increasing load is shown by ahedvf, ahcd'e'f, (dc., 
Fig. 79, whc.ni the areas uiuh'r bed, bed', etc., rep¬ 
resent the heat gemerated by the fu(!l and dc, d'e\ ete., 
represent the adiabatic exi)an8ion from the moment 
the fuel supply is discontinued to tlu; (Uid of tins stroke. 
It is evident that the drop of temijerature di', d'e', 
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ot(*., oxporu'iK'cHl by tlie additiomil fiud cl(u*r(‘as(\s so 
that th<^av(:rai»;(^ (‘frit‘i(‘n(‘y falls off as ilu'. load inctnusos. 
If^ for exatnpby injcn^ioii of fiud could b(^ coutiiuicd to 
the (uid of (lu^ slrok(\ th(‘ id(‘al (^lic’K^iic.y would be 
but sii^'htly gn^attu* tluui oiu^ half that of tlu‘ Carnot 
cfFicieiuy although at ordiiKuy load it is lu^arl}^ (Mjual 
to it. 

Comparison of the Different Gas-oycles. B{M‘aus(‘ 
of its su(‘c(issful appli(‘a4iou in (*otunus*(*ia.l us{‘ it is 
ruaH'ssary to (l(‘du(*(‘ nn analyli(‘al (‘xpix'ssion for tlu^ 
(dlicicaicy of th(‘ I)i(‘si4 c\a‘l(a (Vrtain assumptions 
must b(‘ mad<^ at. tlu‘ start in ordm' to giv(‘ this 
cyck^ that simplicity of form which will mak(‘ tlu^ 
analytical! ('Xpn'ssion uscxibka On achual indicator 
cairds talum froiti I)i(\s(4 caigiiuxs tlu^ pro(*(‘ss most vari- 
abk^ in chara.c*tcr is that of tlu* admission of tlu^ find. 
This lluctuat(‘s niorc^ or less in magnitude^ upon the 
diflVnmt. cards, but. in gcaunxil may be fairly wtdl ri'pre- 
sentc'd by a. constant, pn^ssure lint*. Smdi an assumption 
is justifiabk' from a. tluM)n4i(‘al point of vitav, as tlu^ 
l)i(‘scl cy(*k* atttanpts to utilize* tht* grt^at incrixist* in 
elficu*ncy wliich comi's from high initial <‘ompr(\ssion. 
In ord(*r that this gain may In* a maximum, siadi (‘om- 
prexssion should Ik*, carrkul to tlu^ prtissun^ limit, 

so that when tlu* fiu*! is injt'cttul no furth(‘r incn*asci 
in pr(*ssur(* is pt'rmissibk* and any dcH-reasc* in prt*ssure 
would diminish ilu^ t(*mpt*ratiir(i range* of tlut heaU 
Tliis dillers from the* original Dicst*! cycles which as.smu(*d 
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isolluM’nial conihuslion, and was l)a.scMl upon tlu^ mis- 
(ak(‘n i(k‘a that isotlaa'ina] gtauM'ation of luait was, 
(‘sscaitial to tlu' aitainijuait of nuixiinum 
Assuinino’, thtai, that tlu' idi^al l)i(‘s(‘l (*v(*I(' may ba 
r(‘pr(‘S(ait(Ml by constant, pix'ssun' naa^ption of luait. and 
constant, voluna' n‘j(‘(dion of luait., th(\s(^ t,wo procc^sscis, 
l)(‘ing* cotnaadt'd by adiabatic* (expansion and com- 
pr(‘Ssion, it follows that the* (^xpr<‘ssion of tluaanal 
(‘l!ici(ai(‘y is (‘(lual to (\, timers the* in(*r(ais(^ in teanpea- 
a,tun* during tlu^ inject,ion of the* fuedj minus (\, tinu‘s 
th(* dta*rt\a.st‘ in tcanpcaaiturc* during n^kaisc*, dividcal by 
tiu* laait n‘C‘i‘iv(Hh A fiinthmaadal distin(‘tion Indwcaai 
this (‘Xprc'ssion and tin* (*ommon {‘xpr(‘Ssions for the* 
Ottoj Joule*, and Carnot, cycle's is to be* not(*d in tlu* 
r(*tt*ntion of the spe'C’ilic* heats, d'hus iti tlu* Otto cy«‘l(* 
(\ app(*ars in all three* teauiis, a,nd simihirly in the* 
Joule* (‘ycle* appe*urs in all three* tc*rnis, so tluit this 
eaemnion fae‘tor (*ama‘Is iti all the*s(* t*xpre*ssieins making 
the* c'lficie'ucy absolute*Iy ineh‘p{*ud(*nt of the* characte*r 
eJ* the* we)rking substance*, wht*re*as in tlu* (*\pr(*ssitm 
for the* e'llicie'iicy eif tlu* Dic'se*! (*\'('!e‘ the* ratio eJ’ (h(‘sa* 
spt't‘ili(* hc*ats rt'inains, so that, tlu^ (‘flicit'ticy is de*pe*nele*nt 
to a ce*rtaiti c‘Xtc*nt upon the* e*liarae*te‘r of the* Wfirking 
fluiel list'd. By nit'aiis of the'rmodynamic re'lations 
(‘asily e'stablisht'cl ln'twe*(*n the*. t(‘mpc*rat4irt*s and the 
volunu'S of the* (‘ornc'rs of the* cycle* it is possible* tci t'lim- 
inate from thee <*xprc*ssion of tlu^ c*(Ii(*i(‘nt'y all the* te'in- 
p(‘raturt*s and to rc'tain in thear plaeu's (*{*rtaiii ratios 
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of volumes. The expression may be given in the follow¬ 
ing final form: 


Eff. 


Vol. at cut-off j 

.Vol. of cl(^aranc(7 
/ Vol. at (‘ut-off ^ 

^ vW)n)rcier™^^^^^ - j 


'Vol.of cl('aranc(A * 

Vol. of cl.+pis~| ' 
ton (lis. / 


or 




(11. y-i 
V p;i):/ 


This ex{)re.s.sion i.s of tlu^ .sanu^ form a.s that of tlu; 
efficiency of tlus Otto, Jouh', and Diescd cych'.s, (!.\c(>pt 
that a c(!rtain cocfficit'iit diffcu'cnt from unity is intro- 
duccil as a multiplier in the last term. Thus, as we 
have .s(:on, the e.xpression for tlu; Otto efficiency takes 
the form: 

/ (n \*-i 

“-'-(aTwl) 

An investigation of this cot'fficient: 





shows us that a.s the cut-off incr((aHe.H the numerator 
increases more rapidly than thci denominator, since 
the expression: 


C.O. \* 
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as k is greater than one, inerciases more rapidly tlian 
the simple ratio 



Therefore as the load incniiises tlu! vahu; of this coeffi¬ 
cient increases so that tlu' ('flieieney of (Ik' eyeh* di¬ 
minishes. The maxiimim values of the ('flieieney of the 
Diesel cycle are therefore obtained with the smaller 
loads, and as the load c.ontinucis to decrease! this vahu* 
increases and approae'hces as a limit that of tlu' Otto 
cycle which theoretically will be attain(!d at zisro load. 

It is evident, th<!r(!fore, that with tlu; sanui com¬ 
pression the Di('S('l cycl(! is not as efiicient as {>ith(!r 
the Otto, Joule, or Carnot (!y(!l(!s, but that its great 
practical efficic!ncy has b('.('u attaiiu'd by making u.se 
of the incr(!ase in (!ffi(!i(!ncy in any of these cyeh's which 
may be product!*! by xitilizitig smalk'r elearanct! space. 
This, as we hav(! seen, is accomplished l)y k('eping 
the fuel separaft! from the air during Ifu! compression 
and injecting tlu! fuel wht!n(!V((r th(! desired pre.ssure 
has been attairusl. As soon as this method of separate 
compression is introduced there is no longer any lu'ces- 
sity of utilizing such low compressions in the Otto and 
Joule cycles, so that it would 1 h 5 po-ssiblt! to havtt in 
these cycles exactly tht; sanu! ('ompreasion sus tliat 
realized in the I)i('S(!l engine, and in such a case this 
cycle would Ixj inferior to ('itlu-r of the others. It is 
probable that, as advantage is Iwing taken of this 
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high (‘oinpivssioig tlu^. initial (‘oinpn^ssion would bo 
(‘anh'd (o tln^ ultinialt' uppcu* limit oonsistiuit with 
sah'ty, so that no furtluM* inoronst^ in pn‘ssui‘(‘ would lu^ 
p(‘nuitt(Ml during tlio burning of tlu‘ fui'l. In su(‘h 
a t*as(' it. would no longer bi‘ possibli' to utiliz(‘ tlu' Otto 
cyoltg and oiu' would Ih‘ t’orctMl ba(‘k upon tli(‘ Joul(‘ 
(‘ycdt^ 

In ease' (‘oinprc'ssion is not oarritnl to th(‘ maximum 
U])pta' limit an<l a still rurtlua- iiuu't'asi' is p(a*missibl(‘ 
in tlu^ (‘vlindiu’ during oombusticai, it would tlaai Ix^ 
possibk' to utilizi' burning at constant volunK' and 
th(a*{‘fon' rca'oivc tlu‘. lu‘at in the* mamaa' adopted in tlu' 
Otto oyc’ha If in {‘omu'otion with this eonstaid volunaj 
nHX'ption ol* luaii tlua*(‘ could at the sana* dna^ In* com- 
biiuxl a (‘onstant pressun^ n\ie(dio!i of head, an (dlicicau^y 
could 1 h^ obtaitaal gnaiter than that of (‘ither tla‘ Ott(» 
or tlu' Joulc‘ cycltx A cycle llms constitutta! would 
('vidcaitly Ik* but the* ohl Atkinson eyedta I^naaKKling 
in a maniaa* similar to that adoptia! in the (aisc* cjf the 
(*ycl(*, an <‘\pn\ssion for the* tdiieima'y of flu* 
Atkinson cycle* can Ik* dcahicHMl in t(*rms of /mual certain 
volume ratic»s. This expression may be* givt'u tla^ 
final form: 

/Vol. aft(‘r «*xpansion \A1. of 

^ \\’ol. after aelmission / / f*learaiic‘c* \ 

' A'ol. alt(*r (*\pansion A' I \’ol. aftca* I 
\Vol. artc*r admission/ \admlssion / 

This expn*ssion is seam to have* Ita* same* form as that 
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of the Ot(o cyflc with tlu' (^xcH^ption that tlu^ coefn(‘i(ait 
of lh(‘ s<M‘()n(l t('rm is otlua' than unity. An insiua'tinn 
of tills (‘oc‘ffi(*i(‘nt: 

^ A^ol. aft('r (‘Xpansion \ 

^\\'oh afUa* admission ’ 

( \\)\, aftrr t‘Xpansi(Uiy‘’ ^ 

Vol. aftca* admission/ 

shows that tlu‘ (dfwiiaicy is dc‘p(aid(mt upon tlu‘ vahio 
of Ic for thc‘ given suhstarua^ and also (h‘pcmdont upon 
the volunu^ after i‘xpa.nsiun; this volume^ maassarily 
inertaising as tht‘ ([uantity of charge iiH‘rc*ast‘s. 

As lh(‘ volume* aft(*r smdion may In* e<jnsidi*r(*d a 
lix(*d ([uantity, it> is (‘vident that as tlu* volunu^ after 
expansion inereas(*s tlu* ratio of tlu*so (wo volunu*s 
iuer(‘as(‘s at a slower rate than (lu* same ratie^ ralstul to 
the* k pow(*r, so that with ineri*asing load tluMh‘noni« 
inator of this (*oc*fnei(‘nt inenaist's at a higher rate than 
th(^ num(‘ratoi\ so that tlu* eo(*Hiei«ml as a. wiiole 
d(*(‘r(‘a.s(‘s in value as tlu* load int‘n»ases, a n*.sult which 
is ('xaetly tlu^ opposite* of the* history eif tlu* eorresptsnd* 
ing eo(‘(Iiei(‘nt for the* c*tlic*ic‘ney t»f the* I)iesc| eyede. 

An insp(*etion of thc*s(* two c‘yele*s in tlu* (empe‘rature 
(‘utropy plane* mn.ke*s eleiir this fundamental differ* 
(‘ne’e* in tlu‘se! (wo e’yelc*s. Start witli tlu* same* initial 
(‘()mpre‘ssie)n in both (!yelc*s. lu the* I)ie*si*l e*yeh*, on tfie 
eau* htind, the* eemstant pre*ssure* curve* drawn througji 
(he* eaid eif eomprc*ssion auel the* eaaistant vedume curve* 
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drawn through the beginning of compression approach 
indefinitely as the load incrc'asc's, so that whereas at 
the beginning or at a very light load Ihe (efficiency 
is 0 (inal to that of a Carnot cyclc'j we find that the suc- 
ccssme (luantities of hceat taken in as thee load increases 
suffer a smalk'r drop in tempciraturc; than the (earlier 
(iuantiti(es, and therefore ane utiliz(e(l kess efficiently, 
so that the net nesult of an increasing load is to bring 
down th(e average effich'iicy at which the. lu-at is utiliz(Ml. 
In the Atkinson cycle, on the otlu'r hand, since a con¬ 
stant volunue curv(e drawn through tlue (end of compres¬ 
sion and a constant pivssune curve drawn through the 
iH'giiming of compression diverge as the load increas(es, 
the rang(e of temixeraturo (‘XjK'riencial by successive 
(luantiti(eK of h('at incr(‘as('s so that the (efR(eiencies 
of the final portions are greaUer than tlue effic,ienci('s 
of the (‘arlier portions, and tluerefore the result of an 
increasing load is to increase the average effi(ei(!nc.y 
at whic.h the heat is utilized. As the load falls off 
this c(H'ffici(ent increasi's in value and approaches unity 
as a limit, this value, however, Ixiing attained only at 
zero load, when the efficiency of the Atkinson cycle 
will be reduced to that of the. Otto cycle. 

This discussion makes it (wident that the (kirnot 
cycle is not the most efficient cycle when adapted to 
gas engine work. The re([uirement that all tlu; heat 
should Ixi r(‘ceiv('d at th(( higlx^st poasibh* tcmpi'rature, 
and that all the lu^at which must lx; ntjected should 
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be rojoctccl at the lowest possible teinpcirn^n^c'. i!it.i»j\l(?r 
to obtain the luaxinmni amount of work frj^uV.^i pTOJti 
quantity of heat, is necessarily fundauuu^t!)^ If 

the source of heat wore at a definitf' upp(‘r w^^'rat^;^, 
the fulfillment of this fundamental re<iuiremeWVoulrf'S 

'€p "# 

necessarily nniuire tin; us(^ of the (’.arnot ('ycdi', hut “v'*> 
if the heat is geiu^ratod by (‘ombustion in a confined 
space the v(',ry ae.t of combustion will result in an inen'asc* 
in the temperature of the. suKstance in this confined 
space, so that any further combustion will occur at a 
higher temperature. In other words, succ(wsiv(‘ (juan- 
titiea of lu'at will Ih^ generahid in the eonfnu'd spac(‘ 
at successively higlu'r tcmqx'ratures. In fact, to prcivent 
the temperature, from rising in orden- to obtain the 
requirement of tlu; ('arnot cycle, wovild necessitate 
careful adjustment bcdwtHui tlu; rab^ of fiud consump¬ 
tion and the r^ite. of work production by tlu; piston. 

In the Dies(d cycle tlu^ h(‘at is gen(^rated at such 
a rate that the prt'ssun; nunains practically constant. 

In the Otto c.ych; tlu; gemeration of luuit is so tu'arly 
instantaneous that the; procf'ss occurs practically at 
constant volum(>. In both of these; cases the tc.mperature 
rises continuously throughout tlu; p(‘nod of com¬ 
bustion, and, other things Ix'ing (‘tiual, the heal receivisl 
along the constant prc;»!ur(; curv<; is capable; of lM*tt<‘r 
utilization than that received along the; isotheermal 
curve, and similarly the heat njceivcd at constant 
volume is capable; e)f beetteu’ utilization than that reee-euveel 
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a.t ('onslaul. prcwun*. This is V(‘ry ('kairly illusirat(‘(l 
by tlu' riTitivo sIopc^s of tlu^ (linn^ ciirvivs in llu^ t(an- 
pt'rat.un^ (Mitropy plaiuy as tlu^ sita'pc^r (lu^ curves Hk^ 

sinalka* Ihc^ iiuax^asi^ in (‘nlro[)y, aiul (iK'ri^foix^ (.lu' 

smalka* tlu^ a-iuouni of lu‘a.t which must (‘Vtaitua.l!}’” Ik^ 
rt\j(‘ct(ML Tills analysis shows, tlua‘(‘for(‘, (ha.t for 

th(‘ saiiKi initial ^‘ompiH'Ssion tin' constant vohinu' curve' 
is tlu' out' which has tlu' hi^iu'st tlu'on'tical possihili- 
li('s. It mi^ht. si'ciii at hrst siyjit that a, enirve' (‘V('n 
st(H'p('r than the' constant volunu' could Ih' utilize'd. 
A littk' thought, hoWi'V('r, will show that siudi a pnx'e'ss 
could only Ih' taking*; place' while' the' piston was em its 
rediirn stroke*. In .sue'h a e'ase*, tla're'fore', it weiuld 

be* b(‘tt('r tei wait until this re'turn stroke' we're' e*ean- 
pk'te'Iy linishc'd, so that all of the* lu'at mi^iiht be* <i,e'ne'r- 
a.te'd III the* hig’he*r te*inpe*rature*s conse‘e[U('nt upeai su(‘h 
an ineux'ase'd e*ompre*ssiem. As we* laive* se't'U, a cycle* 
consistin^^ eif e'onsttuit volume* proelue*tieai eif lie'ut, a 
ceaistant pre'ssure' n‘je‘e*tion of he'at, combine'd w'itli 
aeliabatie* comprc'ssion ami expansiem, five's a hi,ulu'r 
e*flie*ie‘ucy than the* straiidd Ottei e*ye*!e'. Such an Atkin¬ 
son e*yvk*, howe'Vf'r, althou‘»h it fulfills the* n‘(|uire*m('nts 
for the* rc'i'cptiem of he*at at maximum te'inpe'rature*, 
deu'S not at the* same* time* fultiH tlu* n'<(uir(*me'n(s feu* 
thet rc'je'ction of lu'at at minimum te*mpt*ralure'. It 
is true* that tlu* Atkinson ewvk* ('Xpanelini^ down to 
initial pre'ssure* probably n*j(*ctH flic lu'at at as low a 
te'inpe'rafun* as is praedicnlik*, but llu'rc iH*V(‘rllH*Icss 
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exists the theoivtit'al possibility of continuing*; this 
cx|)ansion clown to thc^ iuitiul ttuniH'ratun* and tluui 
closing t'lu^ cyclc^ by nutans of an isotlua’inal coin- 
])ivssion. Possibly such an opiu'aHon (‘oiild bc^ n^ali/.t'd 
to a ccu’tain (‘xtcud by tlu' injt'ction of cold watcu* into 
tlm cylindcu’ during this (‘(uupnss.sion strok(\ It is 
intcux'stiug at haist to conipan^ th(‘ ('XiUHsssion for th(‘ 
thc'nnal (dlicic'ncy of this cyclr wit It ihost^ alrtaidy 
consid('r(‘(h 

Tlut ni(‘thod of obttiining this t‘\pr(‘ssion is of tlic^ 
sanu^ gt'iuu’al (^haractcu* as that adopttul for tint prc*- 
vious cycles; uanu'Iy, to draw tht^ (‘yc"l(‘ in llu‘ teunpea’a- 
turi‘ (uitropy pla.n(‘ and theui to (h^lt'nuinc^ tlu‘ Inait 
(luautitits as rc'prc^scadesl by tho areas under tlu' pr< pt*r 
lints. Th(t only lunv haitun' in I his particular fornuila 
is Hut luad. (‘xhausteal during !he isc^lhernial coniprt‘s^^ 
sion. This may readily In* (jblained by inultipi\’ing 
Uut l(unp(‘ralur(t of exhaust by tlu* in{U*<‘ase in enilropy, 
whicli may bc^- dcdeuaniiUMl during the constant- veilunu* 
gcmc'ration of lu'ut, CJoing thnmgh the .stc‘ps involveal 
in such work and (‘liminating flat tmnperatuns frean 
tint formula, as in tlu‘ pnuasling taises, wt‘ arrive 
(^vcmtually at tlu^ following expressiem: 

(h-^^ W ''"i-'ft*’'- / (!1. ■ 

t-r ^ ^ ^ Vol. alST a.IllliSiul / vnl, 

Vol. after ('XpansiuiA^ ^ \ N’tilnf- 

Yol. after n<liniK'<iuii/ ' X|c>ru<l, 

Tills expression takes a genera! form sinular to tiiose 
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of the procccling cyclos, the only (lifforoncc being that 
this coefficient is smaller than any of the })rcccding 
for the same eompn'ssion and thn same amount of 
fuel. furtlu'r sc'(^ that tlx; denominator increases 

more rapidly than the nunuu-ator as the volume after 
expansion iueresisc's, Ix'cause. this enUms the denom¬ 
inator lus a factor proportional to its k—l powc'Y, while 
in the numerator it appraim simply as a logarithm. 

An instructive tabulation of the results obtained 
from theses diffi^nmt cycU's rtiay Ixi made by writing 
tlumi in the gfuu'ral form 


1 —EfT. ’the fractional j)art of llu' (uu'rgy wasted. 

k 


1 


/c.o.v 

Diesel, /o.(V: TX^i, ; pj). 

01 .. / 


/ 01 . ' 

Otto, 1 ~ Ii /0 ■ 1 ^.p j> j) / ’ 


/Cl.lJM)..., \ 

A*i- , li’ Aortiuc; V/ / 01, 

Atkinson, l-Lji ^ p • p j , 

Voi.Tp:i).„,7 


Cl. !l>.D.,« 

^ ^ ^ ^’^'01. 01. 

Max. t ‘ . \0l. I IM:).7 ■ 


/Cl. t \ 
Voi. I F.D.*.,/ 
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If the Otto cycle be takc^n ae the standard of u'fc'ronce, 
the waste heat of the other cyeh's nuiy Ix' ex|)r('ssed in 
temis of. the waste heat of the Otto by nu'ans of the 
ratios 


Diesel 

Otto 


Atkinson 
Otto 


Maximum 

Otto 



C1.U\D^_ 

. ci; t ikp..,, 

' /Cl. + P.l).«\‘^ ’ 

VclVIm).^/ ^ 

,, C1.4-P.D.„ 

(k l)Iog. 

/C1. |-1M).„\* ‘_ - 

VC1.?TM).^,/ 




CHAPTER X. 


THE GAS-ENGINE INDICATOR GAUD. 

Physical Conditions of the Problem.—^The direct 
application of the T^-analysis to an actual gas-engine, 
although simple in theory, is difficult in practice. To 
find the various heat losses from the study of an indi¬ 
cator card necessitates an exact knowledge of the amount 
of heat available per revolution. In a steam-engine 
this may be determined with a fair degree of accuracy, 
provided the boiler and exhaust pressures remain con¬ 
stant and the cut-off varies within narrow limits, as 
then each pound of steam contains a known quantity 
of heat and the weight required to develop a given 
power is measurable. In a gas-engine the operation 
is more involved. The energy is not drawn from a 
reservoir but is generated each working stroke in the 
cylinder. Of course the gas can be metered and the 
average consumption found per working stroke, but 
how is the corresponding average indicator card to be 
determined? It is easy to obtain cards from the same 
engine showing quick, moderately fast^ and slow burn¬ 
ing of the fuel. (Sec Figs. 81 and 82.) How are the 
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corresponding percentage mixtures and the absolute 
(juantity of fuel to be found for each different card? 
In the hit-or-iniss type of governing the ^^niiss ” stroke^ 
acting as a seav(uig;(n*, cools the cylinder so that the 
following (‘barge is heated less during admission, is 
(‘xpandt'd l(‘ss, and hence a greater weight enters the 
(*ylinder Mian would directly after an explexsion. The 
rt\sult is Mu^ i)(‘rc(‘ntage mixture of gas, air, and burnt 
products va.ri(‘s tbroughout the explosions for a com¬ 
plete firing (‘y(‘l(‘. Perhaps the bcist that can be done is 
to tak(^ (‘a(‘h time' the complete set of cards for the 
firing cyclic and draw an eciuivalcnt average card. If 
governing is effected by throttling the fuel gas there 
s('(uns to bc' no nud-hod of ch'U'rmining the relative 
proportions of gas and air; if th(‘. gov(n*nor contnds 
(‘itlun* by (hroMling or by cutting off tlu^ admission of a 
mixtun^ of known coin].)osition, tlu', relative jiroportions 
l)c‘twt‘(ni it and.tbc^ Inirnt producits will still be un¬ 
known. Possibly in engine's of the Kdrting type^, where 
th(‘. gas and air are drawn sc'parately into cylindc'rs of 
known capacfity, it may bt^ possible to attain fairly 
accurate knowknlgt^ of tiu'se (piantities per stroke. 

The bi\st that c‘au usually be done is to k(5ep the 
load as constant as possible and use average cards and 
average' fut'l consumption. In any case the gas and 
air must rneasun'd iiuk'pc'udently and this in tlui 
cas(‘. of a large gas-engine will nniiiire a large gas-met('r, 
or some form of displaccanc'nt tanks for measuring the 



210 the TEMPERATURE-ENTROPY DIAGRAM. 

If the temperature can be obtained independently 
by direct measurement for any point of the cycle it 
serves as a check upon the other observations. This 
would require some thermo-electric device where the 
circuit is closed at the proper moment by the engine. 
The difficulties of such a method are considerable, and 
even when accurately obtained the indicated tempera¬ 
tures are not the desired average temperature but the 
temperature of the charge at the point at which the 
thermo-electric couple is introduced. Various rough 
approximations have been given for the temperature 
of the charge at the end of admission. 

Boulvin, in the Eniropy Diagram, assumes it to be a 
mean between that of the surrounding air and of the 
jacket water. He further neglects the chemical change 
due to combustion and assumes that the values of Cp, 
Cv, and h of the charge hold sufficiently well for the 
burnt products, and further assumes that Cp and c„ 
remain constant at high temperatures. 

Prof. Burstall, in the Second Report of the Gas-engine 
Research Committee (Proc. Inst. Mech. Eng., 1901, 
p. 1083), takes the temperature as generally not differ¬ 
ing greatly from the jacket temperature. He finds the 
computed temperature, however, to be considerably 
higher than this in all cases, the maximum and mini¬ 
mum differences being about 90° and 32° F. He also 
uses the variable values of Cv given on page 175. 

Prof. Reeve, in The Thermodynamics of Heat-engines, 
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Kstates that ho uiswally assuiiK's initial icMupc'ratun^ 
at the convenient round nunilKU’ of (KKf aJ)soluie Fah¬ 
renheit. 

Ideal Indicator Cards.- Having's(‘( (IcmI (h(\s(‘prelimi¬ 
naries, iA\, having (k^termiiUHl (lu‘ av(‘rag(‘ ea.rd^ the 
average lu'at supplied p(‘r (‘yel(‘, tlu' values of r,, and k 
for tlu‘. mixture, tlu^ shrinkage', and tlu' initia>I te'inpt'ra- 
ture, the lU'xt st('p is to draw lh<' ide'al card. 

Thus if To estimati'd or nu'asurt'd ((‘inpca'alun' at 
adiuissiou, 

po” initial pn'ssurt' obseawt'd from canl, 

Vo AA^wino of ek'aranta^ plus piston dis- 
placa'uu'ut, 

t’x- vohmu' of (*k'arant‘(‘, 

Qi-ri'ctave'd p«‘r (*ycle, 

Qo B.T.U, rt*j('et(Hl pc‘r eyek*. 


then, referring to Fig. 7d, tlu^ following (HiuatlonH give 
the proper values of the coordinatt's of (lu‘ points 1, 
2, and 3. 


rn 
J 0 



T2- 


d T 


To-T. 




k may usually Ik* assimu'd as L3H; 


(B(K) p. bU.) 


(h-lr-(h\ 

i i 

7^2 

<h </n> == Ca logo yr + ^0. 
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The ideal cycle wiU thus be different for each test 
as in each case the gaseous mixture is different, so that 
in each case the special values of and k must be 
determined. 

This is, as we have seen, a difficult problem, but, 
fortunately, the variations in Cv and k are not great 
between diffei-ent tests on the same engine and between 
the gaseous mixtures arising from different fuels, so 
that these variations may be overlooked without intro¬ 
ducing too great an error in the results. 

Thus Prof. Lucke, in his Gas-engine Design, establishes 
a standard reference diagram by considering the work¬ 
ing fluid to be air filling the cylinder at the end of the 
admission stroke under 14.7 lbs. pressure and at 32° F. 
The air is supposed to pass through the usual Otto 
cycle, during ignition receiving at constant volume all 
the heat generated per cycle in the actual engine. 
Such a device, although recommended by its sim¬ 
plicity and admirably adapted to the end in view, viz., 
the estabishment of. diagram factors to assist in the 
design of en^nes of any required power and working 
with any desired fuel, is unsuitable for the purposes of 
heat analysis. 

In the opinion of the Committee of the Institution of 
Civil En^eers (see Min. Proc., 1905, pp. 324 and 326), 
“it would introduce some uncertainty and difliculty; 
without adequate compensating advantage, to make 
the standard engine-cycle depend on a knowledge of 
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the physical constants of the exact mixture used. The 
discussion of the constant for various mixtures of gases 
already given shows that, apart from the unknown 
change at high temperatures, these constants do not 
differ by more than 2 per cent, to 5 per cent, from those 
of air in such mixtures as arc used in gas-engines. The 
advantages of simplicity and definiteness in the standard 
arc so great that the Committee recommend that the 
standard engine should be taken to work with a perfect 
gas of the same density as air. This in no way prevents 
any one from discussing the distribution of heat losses 
in any particular' trial with constants adjusted to any 
particular mixture of gases. But it docs render more 
definite the statement of the relative efficiency (cylinder 
efficiency), without, in the opinion of the Committee, 
introducing any error of practical importance. 

“ The standard engine of comparison is therefore a 
perfect air-gas engine operated between the same 
maximum and minimum volumes as the actual engine, 
receiving the same total amount of heat per cycle, but 
without jacket or radiation loss, and starting from one 
atmosphere and the selected initial temperature of 
139° F. Its efficiency is the same as that of a Carnot 
engine working through the temperature range Ti-To 
or T 2 -T 3 (Fig. 80). The efficiency is given by a very 
simple expression, depending only on the dimensions 
of the cylinder and independent of the heat supply or 
the maximum temperature. If the heat supply is 
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increased by using a richer charge, the work done is 
increased; but not the efBciency. The pressure-volume 
or temperature-entropy diagram of the standard cycle 
can be drawn on the assumptions just stated, which, in 
the opinion of the Committee, do not essentially differ 
from those in actual engines/^ 

The only effect of using the standard air cycle 
instead of the actual ideal cycle will be in each case to 
change the values of the ideal and cylinder efficiencies 
a few per cent. Thus the ideal efficiency varies as 
shown in the following table: 


(Clearance 4- piston 
(Hsplacement) 

-5- clearance 

/ clearance N/b—1 

VClearance + piston displacement > 


A;-1.37 

2 

0.240 

0.225 

3 

0.36 

0.332 

4 

0.43 

0.399 

5 

0,47 

0.45 

7 

0.55 

0.51 

10 

0.61 

0.57 

20 

0.70 . 

0.67 

100 

0.85 

0.82 


In ordinary commercial gas-engines of moderate 
size, the cylinder efficiencies, referred to the air-engine 
standard, vary from 0.5 to 0.6. A comparision of the 
efficiencies of actual engines and the air-engine standard 
is given in Mr. Dugald Clerk\s paper, Recent Develop¬ 
ments in Gas-engines,’’ in Min. Proc. Inst. C. E., VoL 
cxxiv, p. 96. 
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Ill (lificusshig the olhict of si7A>, si)C('(l, clcanuicc, time 
of firing, ('tc., upon ('nginos using the same fuel, the 
air-standard eych^ can l)e us('d to good advantag(', 
but in studying tlu^ heat losses diu; to different finds, 
etc., an error is liable to be introduced unli'ss the proper 
value of k is used for each mixture. 



Cylinder Efficiency. .The dlsereiianey between (,ho 

ideal and the actual cards is due to three influences: 

First, the shrinkage due to combustion would cause 
the expansion line of the id(*al card to occur at pnsssures 
reduced proportionally to its magnitudi'. Less work 
is thus done during the expansive stroke while the 
work of compression is undimiuished, thus reducing 
the not work obtainable from the cycle. Tliis new 
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expansion line would occupy some such position as xx. 
That portion of the ideal card beyond xx is, therefore, 
from the nature of the substance unattainable. Fig. 80. 

Next, there is the loss due to incomplete combustion. 
This may be caused by a mixture of such proportions 
that the fuel cannot-all burn, or by one in which the 
combustion is retarded so much as to be unfinished at 
exhaust; in either case the full heat value of the cliarge 
is not developed in the cylinder. Although such a 
charge does not burn at constant volume, but is burning 
throughout part or all of the expansive stroke, and 
cannot thus be represented on the ideal cycle, yet the 
magnitude of the lost heat may be represented by 
drawing yy so that the area between xx and yy equals 
this loss. The area under ly is thus equal to the heat 
actually generated in the cycle. 

Finally, there is the loss due to heat interchange 
between the gas and the metal which produces the 
discrepancy between that portion of the ideal card to 
the left of yy and the actual card. 

It is almost never possible to locate xx and yy, as the 
amount of shrinkage in the cyhnder has to be estimated 
from the analysis of the burnt gases in the exhaust- 
pipe. But with delayed combustion the gas may not 
be the same in the two places. The best that can be 
done is to draw xx to correspond to the shrinkage for 
complete combustion. 

The losses due to incomplete combustion and to heat 
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interchange's with tlui eyliudi'i- walls an; thus com¬ 
bined, due to our hiahility to locate' //.;/. But l)y suitably 
regulating the porcc'ntage! luixturc! it is i)ossibk'. nearly 
to eliminate the loss (hue to incompk'.te. combustion, 
although as thee gove'rnor ceontrols the percc'iitage 
mixture either of air and gas, or of mixture and burnt 
products, slow-burning charges soiiu'tinu's result. 

The cyliiuku- ('fllcie'ucy, i.e., the ratio of the actual 
to the ideal card, is thus limile'd by two dilherent faedors, 
the physical propc'rties of tlu' fuel --shrinkage', and rate 
of flame preipagation -anel thee infhu'ue'.ee of the. c.ylineler 
walls. It is in tracing out thei lu'at inte-rchange's be¬ 
tween the e-harge' auel the cylinek'r walls that the T<j>- 
analysis is of gre'ate'st value'. 

Actual Indicator Cards. Te) pleet the' Tf/j-projeectiem 
of a gas-enginee inelie'ateer e'arel the tempe'raturee anel 
entropy fe)r a suflicie'ut number of points can be calcu¬ 
lated from the cepiations 

T 

4>^-^0==Cv loga d- Cp log, - 

po VO 

log, jh+Cp log, constant, 

where Tx and of the desired point are expressed 
in terms of the observed preasuros and volumes as 
measured on the indicator card. 
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This computation presupposes a knowledge of Tq, 
but if this is unknown it can be assumed, and then the 



the T^-plot will give relative values of T and 4> but 
not absolute values. As this operation must be re¬ 
peated for a number of points large enough to deter- 
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mine the curves with sufficient accuracy, it requires 
much time and patience. 



The method of gi-aphieal proj(>etion from the pv- 
into the JV/i-plane, an (‘xplained in ('hapter If, vviis 
used in drawing Figs. td. S2, and s;i. The indicator 


Fig, S2.—^Weak expIosi¥e mixturesj late ignition. 
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cards were taken from the 36 horse-power gas-engine 
at the Institute: Boston illuminating gas being used 
as fuel. Fig. SI represents an average card with a good 



FiO. sa.—Card taken with weak spring, showing compression 
line, and negative work during admission and exliaust. 


mixture and well timed ignition, while Fig. 82 shows 
the I'cmilt of using a weak mixture and late ignition. 
Fig. was taken with a weak spring to show more 
el(‘arly tlu; eharactcjr of the exhaust, admission, and 
eompression strokes. The small oscillations arc chiefly 
due to the weak spring. 
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Heat Interchanges between Gas and Cylinder.— 

There is a continuous transmission of heat through the 
cylinder walls to the jacket water or to the air-cooling 
surface which may amount to from 25 per cent, to 
40 per cent, of the heat of combustion. This prevents 
the temperature and pressure in the (cylinder from ever 
attaining their tlu'orctieal vahu's. 

Besides this heat which is thus lost tlu-n' is a second 
(piantity which passc's first to tlu'. walls and th(‘n back 
to the gas. \V(^ might pcuhaps c'xpect to find this 
small compared with tlu', condensation and rii-evap- 
oration in a steam-cylinder duo to tlu; k'ss rapid inter¬ 
change of heat bc'.tween gas and nu'tal than between 
W(d vapor and metal, but in tlui gas-engine w(! must 
rcimember that W(! are dealing with much greater tem- 
pcu’ature differemtes. 

The compression line in the 7V)-planc slants usually 
first to the right, showing tlu! transhinuuH! of heat 
from the hot metal to the cold charge. (V)ntinued 
compression, howciver, raisc'S the tempisraturc! of the; 
charge until it becomes ecpial to tlui UK'an tempera¬ 
ture of the cylinder walls. Ihtyond this point tlu^ eom- 
pression curve slants to the left, as tlwi flow of lu'at is 
now from the gas to the metal. As the j»iston ai )proaeh(>H 
the end of the compressive! stroki! its Hp(H'd is slow, 
so that the rate of increase! of tempeatun! diu! to com¬ 
pression is slow, but th(! temperature difference between 
giis and metal being large the loss of heat, and hence 
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ra(t‘ of lcni}H‘ralurcMUHTt‘ast‘, iliu^ to heat transferonee, 
is large. Thus tlu' (‘uinpn^ssion eurvt‘ a|)pr()aehes more 
and more elcjst^ly to the isotlumual as the eoiuluction 
l(jss approaehes tlu‘ eiiinprt^ssion gain. It may sonu*- 
tiiiies happen that tla* loss i'xeiHuls tlu‘ gain and tluai 
thi‘ feniperafure aetually tleen‘asi*s towards th(‘ (aid of 
c’o!iipre>siun. lilt* niagnifutlt\s ui tht* h<*at transft'r- 
enca» fur any rase may 1 h‘ dettu’inintHl hy planinultahig 
tin* art*Hs nialer tin* nsspcefive rurvtss and ('Xpn‘ssing 
in lit‘al units. 

if the i«.piifioii oeriirs Inllu’e the enil of th(‘ rone 
prr:4>iuii str<tki% and if flit* etnidnistion is not linished 
until lifter the piston has passed the dea.d-r(‘ntca'j tlu‘ 
roiidneUiMii liar at first approur!it*s the ronstant-voliune 
riirve tif the ideal tyvrle, luHaiims tangent to It at the 
iiioiiieiit disadsamter is passeil, and tluai pro(HH‘dH to 
fiiii off from it iiiilil euinlmstion is finisluMl. Figs. SI 
aip! H’i .^how the eliunieter of tin* eonihusliou eiirve 
for iliiTereiit tiiiif*> *tf firing. 

The e\paii.doii liiii* varits uTlely in cliaraetiu’^ aeeord-^ 
iiig to the perreitlagt* iiiivtiirt* of the ehargt\ tlie time* 
of liriiiig and tla* speeit tl tin* engtms lo»r slow- 
iui\tiir!‘^4 i:lo\v hunting uilli refereiu*!* to llu* 
tiiiio ihirafitui of a nooliilitiiu the line may slope run 
liiiiioirdy to tlio rieht, rdtowing the eoiistaul addition 
of lira! up to tie- moiiiriii fif nlease I Fig. Mix 

lu ttliiefi fie* t'tillihieOiilit e-* lini>4ted shortly uflt*r 
the hrgiiiiiiiig ftf I’Xpaieloii gi\o eards of’ approximafely 


\ 
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the character shown in Fig. 81. At iirst the expansion 
line freciuently shows (l(H‘reasing (nitropy diu^ to the 
rapid intc'rchangc^ of ht‘at between tlu^ iiu^andesec^nt 
gas and the relativc'ly cold nudnl. Tht^ inner lay(‘r of 
metal soon reaelu's the t(^mp(‘rature of tlu^ gas and {,hc‘n 
as th(' t('mperatur(‘ of the gas is decreas(Hl by furtlu'r 
(expansion the inner surface of tlu^ cylinth'r possesst's the 
hight'st temperatun^ and heat flows from it in two 
din'ctions, outwards towards the cold jat^k(d and in¬ 
wards to the cold gas. This last cdiangc^, manifc'sts 
itself by increasing entropy during the latter part of 
tlu^ expansion. Hometimc'S this s(H‘ond part o! tlu^ 
expansion line Ik'couk's pra(‘tically isothermal and thus 
hauls credence to the th(H)ry of “after burning^' -4^ 
isoth(‘rmaI proc(‘ss b(‘ing appanaitly at tlu‘ higlu'st 
i(anp(‘rature at whi(*h n‘eombination of the dissot*iat(Hl 
(4an(mts may ocaair. 

TIu‘ character of tlu' (‘xhaust line* is of no significances 
as it does not r(‘pr(\s(ait the history of a fixed (juantity 
of substance. Its sok^ Importance is to close the dia« 
gram and thus to makcj th(‘ arcai of tlu^ Te/)-diagram tlu.^ 
lu^at eeiuivalent of the work recorded by the indicator 
card 
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THE TEMPICllATUIlE-lONTUOPY EIAdHAM APPLIED 
TO THE N()N-('ONDU(rnN(! STEAM-EN(UNE. 

The Carnot cyolc' for stoaiii givoK a very good pr-dla- 
gram, and luaicc there an* not tlu; ^ianu^ iiK'eJianical 
objections to its adoption ;is in liol-air engitu«. But, 
duo to the phyKsical change in the working Iluid, adilTer- 



ent cycle lias proved to he more* feasible'. In the 
Carnot engine the steam at condition d, Fig. «St, would 

be compniased adiahatically to a with the change in 

22t 
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condition from x,i to Xa- The isothermal expansion 
ah occurring by the application of heat to the cylinder 
produces tlu; further change in condition to Xb. The 
cycle is finislu'd by tlu; adiabatic expansion he and 
the isothermal compn'ssion cd with the cyrnulcu’ in con¬ 
tact with ilu^ refrigerator. 

The card of tlui ideal engim; difh'rs materially from 
this. (1) The line ub, Fig. 85, rc'presi'nts the admission 



of steam of condition Xi, into the eylinth'r u[) to the 
point of ciit-ofT. This is forc(‘d in by the vaporiza¬ 
tion of an eciuivulent amount in tlu* boiler, so that the 
T<P-mrvo is the sanu! as in the Carnot engiiu*. (2) The 
adiabatic lino he repn'wmts the (^xpamsion of the 
steam admitted along ah plus tlui amount already 
in the <*learanee space at the mcjment of admission a. 
(3J J)uring exhaust the pist on simply forces out into the 
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condenser all of the stcaini takcai during admission, hut 
the ([uality of the truiaining i)orlioii is tlu^ same at 
eompn'ssion as at tlu^ hc'ginning of n'h'asca (-1) The 
part confinc'd in the' (‘l(‘arane(‘ spaec' is tluni (*oi!ipr(\ss(Ml 
along da in the /n'-planc‘ up to tlu' initial pn^ssun*, 
i.e.^ hack along tlu' (‘urv<' vb in tlu^ 7h/)-plamu Ilenec^^ 
in a non-eondueling (mgin(% tlu* ariiounf of steam (‘on™ 
fnu'd in the elearanet' spaec^ is immatc*rial, as its i*xpan- 
sion and compn'ssion ocaair along tla‘ sam(‘ adiabatic 
and do not aff(H*t tht^ heat consumption. 

Thai part of thc^ stt'am t*\haustcHl during nT'use, 
how(‘VC‘r, pass(\s into tla‘ condtmser and tlua’t^ (am- 
dens(‘s and givc\s up its luait to the* c*ooling watean 
This is n^presentcal !>y rd. 

From the condense*!* the watcT is forceal into the* 
beTiler by means of a feHal-peimp, and is tliere* \varmt*d 
fre)!!! d to a anel vaponze‘s frenn a to b. The* /u'-dia- 
gram givc\s a liistory of the* work pe‘rforr!ic*d pea* stroke* 
and is confmcHl entirc^ly to the* eveaits in the* e*ylinde*r. 
The 7V/Mliagrunu henvc'vea*, rc*pn*se‘ntH the* heait cye‘le*, 
and consists of eveaits occurring in. tlir(*c* dilTc‘rc*nt 
place*s. da and ah re*pre*sc*nt the* h{*atiiig Cif the* fe‘i*eb 
wate‘r and its (‘vaporatieai at working pre*SHun* in the 
boiler^ be r(‘pre*se*ntH the adialjatic e'Xpansion in the^ 
cylinder of the engine, and cd the* disclnirge* of heat 
to the condenser. 

If it \v(*re dt*sire*d to make this cycle* iiito a ('arnot, 
the e'oiidensation would have to stop at cf iinel the,* 
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fo(Hl-imiiij) iirnuigiHl to oonipross the znixture adia- 
hatically to a. 

Supposes ('ach engine to use one pound of sU'ain of con¬ 
dition Xb, t'ig. K5, pcT stroke, them the eflieiency will be 


a) Carnot: 


(.r,, - -- (Xe - f/Va. 

(x,,~x„)ri ’ 

:\mi(din)u - - an'u d'oim T, —T^ , 
an'a ah»)ii 2\ ’ 


6) Non-conducting or Runkine cngiiuu 

^ ' <Ii '/j i t-n, X„)r^ 

„ __ 

<h+.rbrt-<h ’"(/t 

An inspection of tlu^ diagram shows at oncti that 

^ (’arnot ^ ^ llankiao 

It Is evidemt also that for any given boik'r pn'ssurc', 
tlie less the amount of moisture in the sU'am tlu' smaller 
the difT(‘r('nee between tlu^ Carnot and tlie Rankiiui 
cycles. 

Increased Efficiency by Use of High-pressure Steam.— 
If the same tjuantity of heat be supplied per pound 
of st(>am under constantly inercjusing pressure the 
state point, b, I'ig. Sti, will assume the successive posi- 
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iiom ?/j c^te.j alcnig ilie eonslant hmi rurve hl/\ 
and at the saiiu^ tinu* tiu* statc‘ |Hiiut r, repre*scaiting 
the eoiulitien at the taal ef thc‘ adiahatk’ i^xpausion to 
th(‘ haek pn^sstirc^^ movers inwards tlu‘ li‘tt intt^ the 
suecH\ssive positions (‘te. Xtnv tlu^ an*as under 

cd, dd, e"d, c‘te., reprc\sent flu‘ tiuanliiy of Iieat dLs- 



chargcal to thc^ eoialenser undta* the fliffereni ecaidi- 
tiouB. Therefon* tlie greater the* pressiin* or the litgher 
tlie tcanperaturc^ at whicdi a givcai ituniitify heat is 
BUpplicHl t(^ tlu* engine^ t!te Hinallci* the fratiional part 
ri‘j(H‘.ted tlu^ eondcaiHerj that tin* larger flit* p<»r- 
tion turned into work and tht* greater the i*fiieieney* 
Thc‘ T/Mturve sliows tlmt at high pressureH the 
presHure inereasi^H nmeh more raphlly than Ilie tcan- 
perature, aial hcnK‘e tlie nvvvmmj Btrfaigt!i, wi*iglitj 
and c‘OHt o! the engine will increase naire rapitlly than 
the gain in etfieiency. 
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It should bo not('(l, howovor, that there is also an 
upper limit to the tlK'on'tical gain in efficiency from 
incn'asing tlu' initial pri'ssurc'. Although our kno\vleclg(i 
of the propc'i'lic's of sat uraU'd stt'am above' .310 i)ounds 
prc'ssune is inexact and large'ly obtaiiu'd by extra- 
polatiion, nevc'rtlu'less it sufficc's to ih'fitue approxi- 
matc'ly the contour of tlu' water and steam line's up to 
thc'ir junction at the' e'ritie'al te'mpe'niture' (se'e' table; e)n 
p. 3.S.S). The; e'.eemple'te' elieigram fe)r saturate'el steam is 
api)roximately as she>wn in Fig. 87. 'riie're is ne) eloubt 
that feer a while incre'iising t.he pre'ssure iiu'.reasea the 
efficiency, but at the; same; time; the he;at of vapeeriza- 
tiou is eliminishing with ine're'iusing rapielity (approach¬ 
ing zere) as a limit at the' critical temperature;), se) that, 
as the water anel ste'jun line's e'emve'rge', the; eli.sere;pane'.y 
betwe;e;n the; llankine; anel the; (tarnot e;ycle;s gre)vvH me)re 
and me)re eaarke'el. F’re)m bc'ing neairly ielentical at 
lower pre;ssures the; llankine e;ffie:iency finally attaiits 
to only about one half the Carnot efficiency. For elry 
steam the; point at which the llankine efficiency rcac.hes 
its maximum value appeara to be at about a pressure 
of 2000 pounds, the exact point varying somewhat 
with the back {ircssure;. 

Table of Rankine Efficiencies. - Tlie tal)ie;of efficieencies 
on page; 231 sheews vesry e-Iearly the re;Iative gains 
to 1«; e;xpe;cte;el from increase of boiler pressure or 
decrease of back pressure;. Thus starting, for example;, 
with an absolute boiler pressure of 70 pounds anel run- 
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RANKINR’S RFFT0TI5N(’Y WITH DRY SATURATED STEAM 
FOR DIFFERENT INITIAL AND FINAL PRESSURES. 
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ning non-condensing the Rankine (‘fficicncy is foujul 
to be 11.4 per cent. If the back prcssuri' is lowered 
to 1 pound absolute the efFiciiniey Ix'eoines 24,1 per 
cent or is more than doubled, whik. if the initial pn'ssuix'. 
is raised to 33(5.2 pounds absolute llu* (dlicit'ucy l)eeoines 
only 22.0 per cent. The combiuafion of both eluuiges 
results in an efficiency of 32.2 per ccud. 'rims in (lu) 
case cited decreasing the back pressure. 13.7 pounds 
produces a greater gain than that obtained by increas¬ 
ing the initial pressure by 2(5(5 pounds. 'Phis illustratt's 
the great gain in efficiency to be obtained by running 
an engine condensing. 

The Low-pressure Turbine. -Stcaun (exhausted at 
atmospheric pn^asiire is still capable of <leveloping 
15.0 per cent of its total luat into work if us<ul in a 
turbine exhausting at I pcnind absoluti', which is enual 
to the work to Iw obtaiiual froiu a non-condcasing engine 
taking steam at 128.3 pounds absolute. 

To utiKze to full advantage the heat in low presstmi 
steam, a reciprocating engiinj would need to lx; ('xiaanl- 
ingly large and thus ix)as(as largci friction losses, where¬ 
as a turbine is especially adapted for low pn^ssuri's as 
a largo part of its friction is due to the windagt; of thti 
rotor and this diminishes as the (Uinsity of the working 
fluid diminishes. Thp ideal unitfor economical powt*r pro¬ 
duction would therefore «(x*m to b(! a reciprocating enj^ne 
for the high pressures combined with a turbiiH* for the low 
pressures, thus combining th(j Ixist conditions for both. 
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That is, since tlui c.lc^arance bcitwccni the blades and 
guidcis of a turbiiu^ must possess the same absolute 
valium in all st.aff('s, ilu; ch^anuuxi area relatively to the 
l)lade anui must be largc^r in the high pressure stages 
than in tlu; low, so tliat from this view point alone the 
eflic.iency of tlu^ high pn^ssure, stag(« might beexpechHl 
to Ixi less than that of the low pressure stag(«. But 
this is just the condition under whicli steam can be 
most advantageously used in a reciprocating (uigine 
as its small volunui peanuts of small cylinders and high 
nu^an effecitive pn^ssurt's. 

Thus a combiiUHl unit using a reciprocating engine 
wheni tlu^ turbiiui is least (dficumt and using a turbine 
wh(,re -tlu! rec;iprocating engine is least efficient, may be 
cxpcickul to giv(! a higlua total thermal efficiemey than 
either tyjKi of motor used alone throughout the entire 
rang(^ of prcissure. 

Effect of Different Substances upon the Rankine 
Efficiency.—The discrepancy between the Rankine and 
Carnot cycles is caused by the slope of the liquid line. 
The larger the specific heat of the litjuid the greater 
the growth of entropy during rise of temperature and 
the more', the rupiid litui inclines from the iscntropic. 
That is, oth(;r things btung eciual, the sutetance possess¬ 
ing the smallest spcHufic heat would give the maximum 
value of the Rankine efficiency. (See Li and L%, 
Fig. 88.) 

The effect of the sloping liquid line is further enhanced 



23 L THE TEMPEIiATURE-EXTkUPy PlAERAM. 


or tlinduislu'il Ity llu' relative {lositlotus of tlu‘ luiuid and 
dry vapor lines, I'l and 1':;, l''i,r;. 8S. 'rims if the latimt 
heal of vaporization were doubled the diserepaney 
between the. Carnot, and Rauldiu' cycles would for the 
sanu' specific heat of the liquids be about halvt'd, etc. 

That substance possessini; the smallest spe<nfie heat 
and the largest latent heal of vjiporization will f>:iv(‘ the 
maximum value of the Uankinc efliciency between any 
two tc'uqieratures. 'I'Ik' vapor iablt'S show that these* 
proi)erties arc varying simultaneously, so that it becomes 



a special problem for any given temperature range to 
d(‘termine which of the available* Iluiels weniM give the 
maximum Uankine* e“(iiei(>ncy. 

I'\»r the* e‘ngine*e‘r, he)weve*r, the* the*rmal e'flicie'iie'y is 
but eme e)f many faeteu's. Thus if the* same* powe*r is to 
be eleveloped with the* elilTerent fluiels a elitTe're'iit we'ight 
of t'ach substance* must be* useel, set that «*(//1 - //y) may 
bei the; same. This me'ans a elilTe‘re*nt pre*ssure‘ aiiel 
volume range, anel thus the; size* anel stre'ugth eif the 
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eiigiru^ lo 1)0 usod with (^a(‘h fluid would iumhI to be 
computed. Finally tho (‘h(^a])uess and a^'ailal):lity of 
oaoh must Ix' ronsidc'riMl. 

Gain in Efficiency from Decreasing the Back Pressure. 
—If tho initial pn\ssun' ho k(^j)( constant (Fig. SO) and 
tlu' l)a(‘k prossun^ 1 h^ diininisluMl Iw inonaising tlu^ 
vacuunp (iK^uait takiui up in tlu^hoiFr by xich pound 



of sh'ani will bc^ incnaiscul from duhtiDi to, say, (l'iihn)n\ 
and th(‘ In^at discharg(‘d lo tlu^ condtuustu* will diminish 
from dvmn to d'c'und] that is, (lu‘ tdficicuuw incroast‘S, 
Again ndcwring lo Ihc^ p7Vurvc% it is c‘loarthat at low 
pnwiin' tho fc*mp(‘raturc* cFcnaisos much mon* rapidly 
than tho prcwurc*, so that a small docn*asc» in prc^ssuro 
nmum a considca’ablo imu’catsc^ in cdlicicuicy. This is at 
on(‘o evidcuit from an inspcad<ion of the officicmcy for a 
T -T T 

Carnot cycle, r; ^ -f/A fh(^ exproBHion for 

* X m 

tlie llankin(» cycles, 
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does not show the influence of the upju'r or lower 
temperature very clearly. 'I'he (>fliciency may easily 
be expressed a.s a function of the upp(T and lower 
temperatures by assuming the value, of tlu^ spf'cific 
heat of water to be coiustant and (spial to unity, llius 


J-ja. JA-i 

and 



The value of th(' last b-rm decrt'iW's, hence the 
efficiency incttuiw'K, 

(1) as Xb approaches unity, 

(2) as r, increases, and 

(3) as r, decrea«‘8. 

Gain in Efficiency from Using Superheated Steam.— 
To avoid the introduction of excessiv(‘ly high preasun's 
superheated steam is being ustid more and mon^. Accord¬ 
ing to the (’arnot < 7 cle the gain in efliciency is equally 
great wludher siq c>rheated or saturated steam of the 
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same temperat vire is used, but the Uankine cycle shows 
that the thcuniical gain to be expected from super¬ 
heated steam is but slight. 

d'he porliou he of the Uankine cycle, Fig. 90. repre¬ 
sents the addition of heat in the superheater, and cc 
the expansion from superheat('d to saturated steam 



in the (cylinder; the; rt'st of the cycle is as previously 
described. 

The lieat qi~(!i+Ti+Cp(t,-ti) is received along the 
line of varying t(anperaf.ure8 dahe, while in the Carnot 
cycle an ('(pial (piantity of heat (area e/dn=’arca dabenm) 
is all rec(‘ivt‘d at upper temperature t,. Hence the 
(dlie.icnuty of tlu; Uankine is now much less than that 
of the (’arnot cycle working Ijetween the .same tem- 
penituni limits and the discrepancy increases as the 
d('gree. of superlusating increases. 
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The analytieul ionmilu‘ iur this casc^ an*: 


//ij ^/2 ‘0-r, j 

i,) 

T r T \ 

h)g,vjr 1 }p-\ 

T, . ^T,Ar,\e,AT, 1\) 


j\r, 


... 1 


Vi qz ^ ^'i ^ -/,) 


{appraxiniately). 


This shews an iaerease in eflit’icaiey with lnen*asing 
7\j hut only ef small arnnuiit. 

It Iscwident, Ihcai, tlint thc‘ gn‘at gain (d)tain(‘cl hy 
using superht‘at(‘ti stt^ani must lic‘ InnktMl fur in tlm 
oviUTuniing of et*rtain ch^ftads inlunaait in an actual 
caigirua Tlu‘ use* eif shiiin e*xpansiv<‘ly cattails a catuh 
ing of the* working fluid and hcaict* of tlt<* cylindca* walls 
containing it. This c^nVet is incrcatscfl hy n*lc‘usc‘ 
occairring hc'fcjrc* the* c*xpansion lias rcachcHl the* hat*k 
pre^ssun*, and is only partially t*caintc‘rnc’tc‘«i in pari 
of the* cylindcu’ walls l>y the* la^ating <*frc‘ct producHMl 
during cotnpn\ssion. Thus the c‘ntc‘ring sh%ain undca- 
goc‘H partial condcuisation hc'forc* the* cylinder walls 
havc‘ h(‘cai hrought up to its tc*ntpc*rntiire; tlia! is, 
each pound of stcaun, itistt»ad of occupying the* volume* 
which it had in tin* stc‘am»pipc*, now oc'C‘Upics a n‘ducf*d 
volume* proportional to the* caanle^iisation. And he*nt*c», 
iusteaid of obtaining the* total an*a nhed, !*"tg. Ill, <mly 
the* fraedionnl pari ttkid cun he* utilizc'd. 11ius the* 
are*a klni has he*e*n suhtrac‘teHl from the* mimeTntor of 
the exprc*Hsion for c*nicient*y. This condensation may 
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iingv as hi|>^li as froiu 20 per cent, to 50 per cent, of 
lu^ total stc'ani. 

The addition of superheated steam may result in the 
up(‘rh(‘at henni Innng sutlieicmt to supply the heat 
aken Ijy tlu‘ (‘vlindtu' wails and thus preventing the 
oiuhaisatiou and making available', tlu^ an^a khcl. 
lie eeontmiy is furtlu'r inen'ascnl as the steam at the 



lotj. 


U. 


nd of {‘xpansiim has 1c\sh moisture in it and tlms al)- 
tracds lc\ss hf*at from the* eylindc'r walls during ndcnise. 
liat is, thi‘ c'onchudion of h(*at through a vapor oeciirs 
ait slowly, whilt' waU*r in (*ontaet with the mc'tal will 
iKstraet larger (luantities of lu*at during evaporation. 
lu» Ic'akagc^ loss is also lew witli superlieatcal steam. 

Loss in Efficiency Due to Incomplete Expansion.— 
f st(‘am be fakem ihrougliout thc^ emtire^ stroke the 
ndieator-card is rc‘pn‘scmb*d by abed (Fig. 92). The 
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drop in pressure' he is ecpiivale'ut to cooling at constant 
volume and may be n'presenfc'd cm tlu' rf/>-diagram 
by the^ curve of constant V(4um(' he. If the same 
quantity of steam bi' taken siuTt'ssive'ly into larger 
cyHnd('rs, so that, an incn'asing degnn' (4 expansion 
is obtained^ this will be rc'pn'sc'ute'd l^y hc^ he\ 
in both iliagrams. The anxis (\ I) show the t'xtra 
work perfornu'd pc'r pound in the pr-plane, and the 



extra heat utilized in the* 7h/)-plam' respeciivc'ly, as tlie 
expansion pre^gn'sses from initial final pressure. 

As in the gas-enginc', scj in tlie sitiiin»*<»ngine it seldcan 
pays to carry tlic' c'xpmision coiiipk'tely cknvn to ba(‘k 
pressure, bt'cause tlu' slight gain from / to is more 
than countc'rbalaimed by tlic' incrcxiuHed sire, cost, and 
weight of the engine, frictioiq and radiation losKC's,ote* 

For sucli incomplete expansion ttie expression for tlie 
efficiency of the Hankine cycle is found as follows: 
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Q,-=-Qc.+Qe<l~-=I^^c-l^:!e+Qed 

“ (< 7 c +.rr/-v) - (<12 A-XePi) +X„r3 -f (ApcX-cUc -ApcXcUc) 

= qc +Xcrc -ffj -AxcuApc-Pi), 

Qi - Qj , ^rrc + qr~q2-A XAi-Apc - P 2 ) 

—_—,-l -^-^ 

Loss in EflSciency from Use of Throttling Governor.— 
The throttling govc^nior acts by wire drawing the, at('ani 
to a lower pressure. Less steam is thus tak(m per 
stroke, !uh the volumes is inerejused by both the reduced 
pressure and the increased vahie of x. A series of 
cards for dropping pressure is shown in Lig. 9.‘k The 



T^-diagratn shows tlwi d(‘erf>as(\d ((fnciency per pound 
of steam for th<^ same e-uses. During wire drawing the 
heat remains the same, but the entropy increases, as 
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thc‘ procHW is irn*Mi'sili!i*. Hit* I'rjiH’lmi iiirr<*asc\s 
as tha initial pri‘ssurt‘ dn^ps, st» that tln’ lota! lif‘at 
hrnu^lit ill a sniulhi* i|uait!it\ is atiaiigfs! iiitti \via4v aiul 
the (4!iriiairy nf the* pluui tln'miMal. 

Pounds of Water per Horse-power-hour for the Ran- 
kine Cycle. It i*- tnisltmiary to thr rtatiiuiiiy of 

an i*ngiiu‘in poiimls of walor j»t*r lairst* pouor por hour. 
In linir onr acquirrs ii rtaiyji ki mu toil in* i»f iht* varia** 
tions in wntfi* rtinsiiiiiprnni for oiiniiios i»f iliffonait 
sizes under viiryinf^^ ruiiditio!i>. hut this is at the host 
a rrudt" nic‘tlitid of riuiiparisuii htiu 1*1*11 flit* rosiilts of 
various unless one piissesM*s a Hfaiidard of 

n‘fc*ri*nre and cam show how elosely the aetiud eiiyities 
luivt* approac’lied the idf*a! eoiiditioii'- in eaeli c’ase. 
Tlti* Hankinc* eytde rt*presents the therimd tii'>-fory of 
Ui(‘ workini^ fluid in a pliiiit eonfniiiiiig no in%«tt Io>m*s. 
Tlie inaxiimiin aniouiit of work is thus uhlaintsl from 
eacdi pcHind of steam and, thm’t^forta the sfeain <aiii- 
sumption of th<* Haiiktiie eyele n^preseiits, for any 
given s(*i of camdilions, the mtitiiniiiu nmoiiitl whhdi 
must Ik‘ used p(*r hour to develop a horse«piiwt*r of 
work. 

A hors«*-powt‘r is c*qiml to d.I.IMIO foolqioiiiids of work 
per minute, so that ilit‘ hmi cnpiivaleiif of 11 horsi** 
power in 2545 per hour, llie limf utilizc*d per 

pound in dcweloping useful work k eqiia! to the differ- 
enee of tlu* total luaits at tin* ht‘ghiiii»ig and end of {he 
kentropie c*xpanHion. T!ie pounds tif sfennt required 
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to (lc^v(4()p om) li()i\se-power»lioiir of work are therefore 


ecpial to 


2545 

ih-ii: 


The table on pagc^ 244 shows the (4T(H‘.t of varying 
initial and linal prt'ssur(\s upon the waU'r consumption 
of the ideal (‘ngint‘- using dry sU^am. 

Pounds of Water per Kilowatt-hour for the Rankine 


Cycle.—A kilowatt is (ujual to '3^ H.P., and is th(n‘(v 

fon^ (Hiuivalent. to 44/240 foot-pounds of work pov minut(% 
whi(‘h is (Mpiivalent to the utilization in work of 3412 
JhT.U, p(^r hour. Tlui pounds of shuun nMiiiinnl to 
develop oiu^ kilowatt-hour of (4(H5trieal energy an^ 

th(U-(4or(i capial to 

Tlu^se valuers could Int r{‘a,dily tabulaUHl if ncH'ossary 
but tlu^y may also b(^ obtaintul by multiplying tlu' 
corn'sponding valiu'.s for pounds of shauu p(‘r horsc*- 
pow(a*-hour l)y tlu^ hictor 1.311. 

Use of Entropy Diagram or Tables.— Tlu^ labor 
invoKanl in (*omp\iting thc^ idc^al waUn* consumption 
and tlu‘ llankiiu^ (dnc.icnicy for any givcai cas(^ can 1 h^ 
gn^atly nalueed by using (‘itluu* a tcanpc^rat.unMaitropy 
{‘hart containing constant hdit curvt^s or P(^al)ody’H 
entropy taldi's. Tlu^ nudhod of using to obtain th(^ 
waUn* (‘onsumptiou is evidcait from tlie expression 
2545 
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POUNDS OF DRY STEAM PER HORSE-POWER-HOUR FOR 
RANKINE CYCLE. 


Initial Condition. 


Back Pressures, Pounds Absolute. 


Pi 
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0 

14 
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5.99 
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150 
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72 
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42 

3 

29 

6 
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9.34 

190 





59 

3 

44 

4 

33 

6 

25 

3 
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200 





44 

8 

35 

8 

28 

5 

22 

4 
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36 

0 

30 

0 

24 

8 

20 

0 
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34 
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24 

2 

19 

5 
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220 
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30 
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25 

8 

21 

9 

19 
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99 

0 

26 

2 

22 

9 

19 

7 

16 

63 
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2 

66 

1 

23 
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20 

6 

18 

04 

15 

46 
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8 

18 
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78 

14 

40 
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9 

17 
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15 
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13 
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17 
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15 
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19 

14 

92 

13 

61 
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11 

12 

91 

11 

55 
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4 

23 
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14 

29 

13 

33 

12 

24 

11 

07 
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25 
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21 

0 

13 

52 

12 

66 

11 

69 

10 

61 
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22 

9 

19 
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12 

84 

12 

06 

11 

20 

10 

22 

8.90 
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20 

9 

17 

93 

12 

26 

11 

57 

10 

78 

9 

85 

8.67 

117.9 

340 

19 

4 

16 

78 

11 

75 

11 

10 

10 

40 

9 

52 

8.43 

134.5 

350 

18 

05 

15 

83 

11 

27 

10 

68 

10 

02 

9 

24 

8.20 

152.9 

360 

16 

96 

14 

93 

10 

87 

10 

32 

9 

71 

8 

96 

7.97 

173.2 

370 

15 

95 

14 

19 

10 

47 

10 , 

.00 

9 

.40 

8 , 

.72 

7.81 

195.5 

380 

15 

18 

13 

54 

10 

16 

9 , 

,69 

9 

.15 

8 , 

.49 

7.63 

220.0 
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14 

42 

12 

99 

9 , 

.83 

9 . 

,40 

8 

.90 
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.29 

7.46 

246.9 
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13 

80 

12 

46 
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9 . 

,15 

8 
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.09 

7.32 
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410 
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25 

12 

00 
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.32 

8 . 
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8 

.48 
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.92 

7.18 
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74 

11 . 

60 
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.08 
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,71 

8 

,29 

7 . 
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7.05 

336.2 
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12 . 

38 

11 , 

30 
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8 . 

55 

8 

,14 

7 , 

.64 

6.95 

422.4 
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4 

10 , 

55 

8 . 

,43 

8 . 

.12 

7 

,76 

7 . 

,31 

6.69 

678.5 

500 

10 . 

1 

9 . 

46 

7 . 

,73 
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52 

7 

43 

6 . 

,85 

6.31 
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9 . 

58 
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00 

7 . 

52 

7 . 

29 

7 

01 

6 . 

,66 

6.18 

1212 

570 

9 . 

37 

8 . 

83 

7 . 

45 

7 . 

23 

6 

97 

6 . 

,65 

6.175 

1516 
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9 . 

40 

8 . 

87 

7 . 

54 

7 . 

32 

7 

06 

6 . 

.74 

6.28 

1867 
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9 . 

71 

9 . 

19 

• 7 . 

82 

7 . 

61 

7 

35 

7 . 

,02 

6.54 

2137 
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10 . 

2 

9 . 

96 

8 . 

23 

1 *“ 8 . 

00 

7 

73 

7 . 

,38 

6.88 

2431 
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11 . 

2 

10 . 

6 

9 . 

89 

8 . 

76 

8 

46 

8 . 

07 

7.50 

2748 

690 

18 . 

1 

16 . 

7 

13 . 

2 

12 . 

7 

12 

1 

11 . 

3 

10.3 

2882 
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25 . 

4 

23 . 

2 

18 . 

2 

17 . 

4 

16 

5 

15 . 

4 

13.9 
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To obtain tbo Kankinc ('nicieucy wo have 

?i—ga +xiri—Tar2 _ <7i —? 2-l-r i-kr„(T„—TQ —j-ora 
^ (•''i I * 

which may bo regrouped aiul written in the form, 

Hi-Ih 


in which all tla^ (juatilities may be read directly from 
th(5 chart or llu' tables. 

Heat Consumption of the Rankine Cycle in B.T.U. 
per Horse-power-minute. It is <-usfomary to rat«’. the 
ecomany of an engine in terms of the heat units rtsjuired 
to produce one indicated homc-powi^r ptT minute. 
As a standard of eomparisim the htait consumption of 
the Uankin<^ cycle u.sing dry .‘■aturak'd steam is given 
in tlie kaliki on page 2l(i. 

The heat e<pilvaIentof one hoi>ie p<>wcr is 12. 12 H.T.U. 
per minute, 'rheheat n-quirc'd by the engine per minub' 
may be determine*! by flividing the heat utilised by the 
thermal <‘flicien<'y, thendtire, 

H.'I'.U. per l.ll.l*. per minute* 

tj 


Or, agaiiq the ln'at supplieil to the engint! jmt httrao 
power-hour e<|uaLs tlie ptiunds of steam per horse power- 
hour muliiidieil by the Imat absorbcit imr {xmnd of wator 
iii tht* lx)il(‘r^ therefor**, 


B.T.U. per I.II.F. perminuto 


Llw. steam X 
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B.T.U. PER TIORSE-POWER-MTNITTK FOR IFVNKINIO 
CYCLE irSINCi DRY STIOAM. 


Initial Conditions. 


Back I*r(‘H.snr<', IN)undH Alu’olulc*. 


Pi 

4 

20.0 

14.7 

5 

4 

5 


u 


1 

5 

.91 

170 



22170 

2516 

1231 


1 720 

439.3 

7 

.51 

180 



1582 

1031 

721 


r>i; 


35! 

.5 

9 


190 

• • • • 


1000 

755 

,'»/ 8 


4U.3 

323 

.4 

11 

.5; 

200 

.... 


758 

611 

492 


391 


li'.H' 

.9 

14 

.i; 

210 



611 

51 1 

129 

.: 

351 

.4 

274 

.3 

14 

.7( 

212 



590 

500 

420 

A 

341 

.6 

271 

.4 

17 

.if 

220 


3{)52 

514 

114.4 

380 

.s 

337 

.0 

256 

.4 

20 

.7S 

230 

14550 

1612 

148 

391.8 

311 

. r 

291 

.4 

24 1 

.4 

25 

.0 

240 

2508 

1079 

397 

356.6 

315 

.! 

274 

.8 

228 

.0 

29 

.8 

250 

1391 

S()7 

359 


291 

. 7 

262 

.6 

216 

.5 

35 

.4 

260 

969 

648 

330 

;!ii(),.v 

272 

.9 

212 

. 5 

206 

.3 

41 

.8 

270 

752 

519 

302 

279.4 

255 

. 5 

22! 1 

. 5 

197 

.4 

49 

2 

280 

619 

477 

281.3 

262 2i 

211 

.3 

IMS 

.4 

18!) 

.5 

57 

5 

290 

520 

423 

26 1.6 

217,7 

22! 1 

m 

208 

.3 

182 

.9 

67 

0 

300 

466 

382 

219.6 

235, 1 

218 

1 

200 

. 1 

176 

.8 

77 

6 

310 

416 

319.5 

236.8 

223.9' 

208 

8 

I'.IU' 

.3 

I7I 

AI 

89 

6 

320 

377 

322.5 

225.6 

213.7: 

200 

“J 

185 

. 7 

1 

3^ 

103 

0 

330 

345 

300.5 

215.8 

205.5i 

193 

6 

17!) 

4 1 

161 

4 

117 

9 

340 

321 

281.1) 

207.3 

197.7| 

1S7, 

, 1 

173 

. t 

I,'57 

1 

134. 

5 

' 350 

m) 

266.8 

199.4 

190.5t 

180. 

7 

16!) 

.0 


22 

152. 

9 

360 

282 

251.9 

192.6 

184.5‘ 

175 

4 

161 


M!) 

T 

173. 

2 

370 

266 

210.1 

186.0 

179. i; 

170, 

0 

IC.O 

.1 

146 

5 

195. 

5 

380 

253 

229.4 

ISO.7 

173.8 

lOfL 


15{» 

1 

M3. 

3 

220. 

0 

390 

241 

215.6 

175.!» 

168.9. 

161 . 

6 

152 

7 

1 10. 

4 

246. 

9 

400 

231 

211.9 

170 8 

161.6, 

157. 

!l 

1 19 

.6 

138. 

0 

276. 

3 

410 

222 

201.5 

166,5 

160.9 

151. 

4 

146, 

,3 

135, 

6 

308. 

5 

420 

2114 

197.9' 

162.5 

157.0 

151 , 

• 1 

1 13, 

,5 

133. 

3 

336. 

2 

428 

208 

193. I 

159.7 

153 !). 

1 IS 

6 

Ml 

6 

131. 

6 

422. 

4 

450 

193.7 

I8I .8 

152,3 

147.8: 

M2 

8 

136 

3 

127. 

4 

678. 

5 

500 

170.8 

162. 1 

138.9 

I36.:f 

136. 

I 

126. 

0 

11!). 

7 

956. 

1 

540 

158.8 

151.7 

132.9 

12*1.9 

126 

5 

121 . 

8 

U5. 

4 

1212 


570 

151.8 

145.5 

128,8 

126 2 

123 

0 

11!) 

I 

113, 


1516 


600 

146.9 

141.1 

126 2 

123 7 

120, 

6 

Ml 

2 

III. 

4 

1867 


630 

143.7 

138.6 

121 5 

122.2 

119, 

4 

116 

ol 

no 

6 

2137 


650 

143.2 

138.0 

124.5 

122*31 

119, 

5 

116 

ll 

no 

9 

2431 


670 

145.0 

139.9 

126,1 

123 8 

112 

3 

117 

8’ 

112 

6 

2748 


690 

198.6 

187.0 

159.0 

154 nl 

149. 

5 

M3 

2i 

134 

<» 

2882 


m 

203.4 

192.7 

165,8 

16! 6| 

156 ' 

6 

150 

2’ 

Ml 

I 






N0.\-C()XD[7aTh\0 .S'77';.1M-/';.VG7A'/!;. 


247 


The lu'nt ('(insumption may thcivfon^ Ix' (letcrmiiu'il 
from either of tlu'pn'cediiifi; (ahles, tlui rtsiilts are ns 
.shown on page 21(). 

B.T.U. per Kilowatt-minute.—7'he heat e(juivalent of 
OIK'kilowatt is fiti.t) B.T.U. per mimUe. TIk; heat re¬ 
quired by tlu; engine per minute to produee one kilo¬ 
watt when working upon the Hankiin' eyele is found by 
dividing hti.l) B.T.U. l>y the thermal eflieieney. Or 
the .same value may be obtainoil by multiplying the 
corresponding valins for B.T.U. per hoi’se-power-hour 
taken from the tabh* on page 216 by the factor L.'Ml. 



ciiAiTKii Air. 


THE MULTIPL1<]-ELU1I) OR WASTE-HEAT EN(iINE. 

In the disctiSKion of tlu" llankino cycle if, was ahowa 
how the cfiicic'iicy of flu' sfcaiii-crigiiic could he iiK‘rca.scd 
by raising tlu' teinperafun' of fh(' source of heat or by 
decreasing that of the n-frigc'rator. I Hie to the course 
of the ■pT-mrvi'-- a pracfieul upper liinit is soon reaelu'd 
in the use of saturated sti'ani dui' to the rapid increase 
of pressure at uppi'r tempi'ratun's, so that recourse' luus 
to be taken to supi'rhealed steam. Again, in reducing 
the back pressure a .slight drop in pre-ssun* means 
a large drop in thi' ('xhau.st fi'inijerafure, but a practical 
limit is soon rc'ached Ix'yond which it doi's not pay to 
carry a vacuum. 

Theoretically, at least, the efiicif'iicy could lx* iiuTeased 
by using for the higlu'r tempi'ratures some fluid (A') 
having a smaller vapor pressure than .saturated .steam, 
and for lower ti'mperatures sonu* fluid (Y) having a 
greater vapor pressure than saturati'd steam at the 
same ternperatun;. That is to say, the first fluid A' 
could in a saturated condition be heated to the tempera¬ 
ture now conmion for superheateil steam, and then lie 

248 
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allowed to expand in a cylinder down to some lower 
temperature at which the pressure of saturated steam 
would not be excessive. The surface condenser for 
this X-fluid would be at the same time the boiler for 
the steam. After the steam had expanded through 
two or three cylinders, it in turn would exhaust into a 
second surface condenser, which would be the boiler 
for the next fluid, Y, in the series. Thus the working 
substance in each case is condensed at the temperature 
of its own exhaust and fed back to its own boiler at 
this temperature. The heat of vaporization which the 
first fluid rejects must warm up the second as it is fed 
into the boiler and then vaporize part of it, so that 

heat rejected = heat received, 

^^exhavist ^^condenser 

For the sake of simplicity suppose at first that two 
such fluids X and Y as described could be found, and 
further that their liquid and saturated-vapor lines coin¬ 
cided in the T^-plane with those for water, but that 
the Tp-curves are entirely different. 

Suppose, further, that p, and p, (Fig. 94.) represent 
respectively the highest pressure which it is convenient 
to use, and the lowest pressure which can be obtained 
in a vacuum. The range of temperatures when satu¬ 
rated steam alone is used is limited between h and 
If, however, the fluid X is first used the upper tempera¬ 
ture ean be raised to tx for the same maximum pres- 
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sure Pi- Suppose in this problem that the substance Y 
does not solidify at 32° F., its liquid line would extend 
to the left of the arbitrary zero for the entropy of water^ 
and so the expansion of this fluid down to pa would 
drop the lower temperature from down to ty. 



Ficx . 94 . 


The liquid X is fed into its boiler at the temperature 
and is warmed along ah, receiving the heat qb-qaj 
equal to area ablm; it is then vaporized at the pres¬ 
sure Pi and receives the heat rx equal to hcnl. Its ideal 
cycle is now completed by adiabatic expansion cd 
down to some pressure px (in Fig. 94 px coincides 
with P 2 ), corresponding to temperature on the X- 
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curve, and condensation along do. Th(‘ coiuleiKsed 
fluid is at th(^ proiua* t(‘ini)ca’atun' to h(^ ndurncMl to 
its boilta*. 

Th(‘ lu^ai n‘j('(‘t(Hl along da, viz,, must warm 

up tlu‘ wat(‘r led into th(‘ A'-eonilc*ns«‘r at tempta^atun* 
/.j up to /i and then vaporize' part it at the' tippca* 
tempcTature. Assuming ucj !u‘at lost, 

art'a aidjand anai aiadn. 

TIh^ st('a!n de'seuiln's tlie ideal eyelt' //or/, rejecting in 
turn tlu' heat under ///, etiuul to at some pressuri' 
pjj corresponding to ttanpia\*ittin* 

In the' ste'am (‘ondenser the* fluitt Y is first warmeil 
up fnan tlu' tianpia*ulun' iy, eorrespontling to pj, tt» 
and th(‘U (amugli vnporiztnl to make' 

arc'a area aYtjfnY 

From Iht' diagram I lie folhnviiig eoiiclitsioiiH ran lai 
drawee: 

llc'at n'ceivetl from fuel eijuals mnhnL 

Heat utilizt'd by X taigiiie equals idicfl. 

Fffirieney of A' engim*, t^x 

Jleat rejf'C'ted by A^engiiit* area mmia ■■■artai aYtjatfY 
heat iiliHorlied by steaiioeiigifie. 

Heat utilized by sleaiimaigint' eqiiids parf. 
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Efficiency of steam-engine = 

Efficiency of X- and steam-engines combined equals 

_ abed +gaef 
Vix+at) rn.ahcn 


Heat received by F-engine = heat rejected by steam- 
engine = m"kghn" -= m'gfn'. 

Heat utilized by Y-en^ne = kghi. 

Heat rejected by F-engine = m"/an". 

Efficiency of F-engine = 

Efficiency of all three engines together, 


’!(z+.i+r) = 


abed + gaef+kghi 
maben 


The heat rejected has been reduced from 
madn to m"kihfednm". 

The great gain in efficiency shown in this assumed 
case is deceptive. The exhaust temperature has been 
taken far below freezing. This could not be done 
unless some cooling mixture could be employed in order 
to condense the exhaust fluid F. 

This would be expensive and probably represent as 
great an expenditure of work as the increased gain 
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reoordod by the l’'-piston, possibly more. lu prae- 
tiee the lowc'st temperatun' ly will b(> governed by 
that of fh(‘ eheap(‘st avaiial>le eotidensing substance', 
i.e., the tempe'ratun'of the' cooling water at thcieswi'r 
station. 

The iippeT te'inperature /.v will be govt'rned by the 
inab'i'ials used in const na-tion. 

Since j-„r„ (jii-qr !-C/jr it follows that x«<:.r„: 
that is, tlu' value of x gradually grows smaller for 
succeeding fluids, so that initial cotuh'iisiition must 
be increjising in the* successive* cylindt'rs. 'I'he gain 
which accrues from the use of superheatc'd st(*am 
might for similar reasons be exiieete'd from flu* use 
of the superlu'uteel vapors of the A" and K fluids. It 
thus would undoubfi'dly pay to sujierheaf (‘ach vapor 
ns it leave's its re*spe'e'tive* lieiih'r an amemnt suflicit'nf 
te> e)V('re'enni' the* initial e’emelen.'^atiem. 'riiis might be* 
(*ff(*cte>el by the use e»f a se‘parat(*ly fire*el .'•;upe<rhe*ate*r 
Huitidely situate*el, e»r pe*rhaps metre* (*e'tineimie*!illy .still 
the hot flue* gjise's from the* first be>ile*r furnae'e* might 
be maele* to pjiss sue*e*e*sMive*ly threiugh all the stipeT- 
he'at.t'i's iinei thus the* teital e'cetnetmy ir»cre‘ase*d two 
wjiys at. one*e*. 

He've'ral elilTe'rent multip!e*-fhuel etigines have* l«*e‘n 
pretpetse'el, usually etf the binary typ‘‘. VVhe*n it come*s 
to a eliscuHsion eif any partictilar e*omhinntic»n the 
actual 7’«/»"diagram must be eirawn, anil the* lii|tml 
and saturafe'il vapor line*s will no longer 1m* .supi'r- 
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imposed as was assumed in the ideal case just discussed. 
However, the principles already enunciated will make 
the application clear. 

Any fluid having a low boiling-point, such as ammonia, 
chloroform, sulphur dioxide, ether, carbon disulphide, 
etc., is available for such work. All such volatile 
fluids possess latent heat of vaporization of small 
magnitude, and the smaller this is, the more volatile 
the substance and the greater its specific pressure at a 
given temperature. This leads to the practically 
important fact that to perform a given amount of 
work a greater quantity of the volatile substance 
must be supplied, the amount necessary increasing 
with the diminution of the latent heat of vaporization. 

Du Trembley used a steam-ether engine, hither 
superheats during adiabatic expansion and thus seems 
especially adapted to such work, as this would tend to 
prevent the excessive! cooling of tlu! cylind(!r during 
exhaust and thus do away with the losscis incident 
to initial condensation. Fig. 19, although not drawn 
to accurate scale, gives an approximate idea of the rela¬ 
tive values of the latent heat of vaporization. In round 
numbers the entropy as liquid and as vapor compares 
with water as follows; 

32°F..d = 0, d-l-^-2.18; 

248° F.,d=0.365, 0-1-^ = 1.70; 



Water 
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.52° F.,I'; 0, I'M 0 ;M; 

F. Jl O/JO'), (I ! ().;{,Sf); 


and ns th(‘ Intend lu'nt is alH)u! mn* sixth that of wutai 
it follows that ahold six [Hnnitls of athor will ho ro» 
(juiiH'd to oool oaoh pouial of stoaia, so that n oom* 
l)iin*d 7V^ dia^rani nii^ld he* drawn htr one* pound o! 
Wiihn* anti six of tdhor. 

Ptn’haps tho most aeamrate' ami olahornlo sont*s of 
(‘xptnamends on any hinary mndnc* was madr hy Prof. 
Jossc‘ of Hm’lin. lit* iistnl siilplitir dioxiito for tlm 
H(‘(*ondary fltfn!, The* host rosiilts oldaiiiod worn 
11.2 pounds of .sfoaiii por liorso powor for llto stoano 
cni|»’iiH‘ alont* and the* ot|ui\a!oiit of i»ut K.dll ptmuds pf*r 
h(n‘S(*'-pow‘or por hour usiiif.t tho ooinhinod onicino. In 
the* tost tho wasto liiaat ” oiipdino adilot! dt/J pm* ooid, 
to tin* powt*r ohtaim*tl from tin* primary oiadno. 

dlu* stoani had a prossurf* of !71 poiiitd^'* aloohito 
am! was suporht*atf*d to mW F, llio haok pros^iiro fin 
tho low prossiiro t‘ylimlt*r t»f tho stoaiii oiiipmo uas ahoitf 
2.d pemiids ahsoluli*, tairro’d^oiidifiic to I Iff* V. llio 
Sth oylimlor romavod vapor iimFr proxstm* of lid 
pcamds and oxhaustod af 'IS/2 pfiiiinls ahsohitfa laii* 
rc*spoiidin|( to a toiiipiTatiin* of 117,K'-' h\ 

In round liiiinhors tho lufmit hoiif of Hip, w alunit 
onosovoiilh that of watf*r, so ihiit it would fot|iiiro Ihr 
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vaporization of from 6 to 7 pounds of SO 3 to condense 
1 pound of steam. 

Fig. 95 shows the ideal cycle for a binary engine of 
this type working between the pressures and tem- 
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peratures realized by Prof. .Tosse in the teat at Chariot- 
tenburg. 

The steam-enpne was triple expansion, and the 
ideal cards for such an engine are shown combined at 
abode. The heat exhausted to the steam-eondenser, 
or SO, boiler, xr, equals aerm. Of this (juantity an 
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amount hifg is savod by th(' SOj cyrmtk'r tlioorctically. 
Actually there was a drop iu temperature of about (I® F. 
between the low-pressure steam cyliuiler and tlumSOj 
cylinder, so that tlu' lu'nt area ifj'i' was either totally 
lost or partially reduced to luw<‘r <'(liciency by wire¬ 
drawing. 

Dr. Schn'ber, in Die Thenrie dvr Mcltnf((i[rmast'hin<-n, 
proposes the following combination of fluids: 

8ul«t!uu*e lVni|H*nityrt' 

Aniline.5tHf K. 57-1” K. 

Wat(>r..174“ F. l7fF F. 

ACthylamine... I7()“ F. Kb" F. 

Josse, in Nvuvrv Wiirriiekraflmtixchitten (Iterliii, HM).5), 
publishes reports of tests on several HaO HOa engin(*s. 
The SOa-cylinders ileveloped from 4.70 H.I*. to IfjO Il.I*., 
and luul Ihsui in operation from oiu* to two years. 'Fhe 
results show tluit the machines have come up to the 
guarantee of flu; manufacturers. Jos.se states that itt 
view of the high initial cost such machities shouhl 
pn»bably not la* installed unless tin* plant is to run a 
large nuinlH'r of hours daily, and unlefw a suflicient 
amount of cold cooling water i.s available. 





CHAITKH XIII. 


THE TEMPKRATUUK-ENTHOPV DIAdHAM OK THE 
ACTUAL KTEAM-E.NCINH CVCLK. 

The llaukhio cycle ia Imacd tlu' fulldwinfj; aS' 

Buinplious: 

(1) Non-coiulucling cylhulcr walls aiul pistim; 

(2) Isciilropic cxpaasidii tn (he Lai-k pressure; 

(8) lust ant iuu'ous action of the valves; 

(4) No I('aka^^e by tlu* piston an<l tlu* \'alves. 

From tlui first two conditions it follows that the si»* 
of the ch'arancH* spac<' is immaterial. 

I{('ferring to (he actual steam-euKine. we find (hat 
the comluctivity of th(^ nuTal produces initial conden¬ 
sation and reevaporation los.ses, and (hat flu* expansion 
can be carried to back pres.sun‘ only by reducing (he 
cfiic.iency. The size* of tlu* cl(>anuice m\is( therefore be 
■considered, because the eyedt^ of the elenranee steam will 
affect the economy. The valves an^ not instantaneous 
in action, and haikagc* always occurs by both piston and 
valves. The Kankine cych; is thu.-i umittainable in 
practice juid is but an ideal which tlu; actual engine 
st rives to approximate. 



'rh(‘ amount of comlcusation and nM'vaporation is 
lh(‘ r(‘siill of so many fartors, that to ilctormiiio tho 
influcaico of (‘a(‘li by tlio (irdinary iiiotlanls of compari¬ 
son wcmld nMfuin* too muc*h time and mont*y, llcma* 
(o aid in (n'olvin**: a lluHjry of t!u‘ sft^aimcn^iiu' which 
shall ac(*ount h^r all laah losses aial intea'chani^os. soiiu* 
couv(‘ni{ait form of analysis must 1 h^ adopted by which 
tlu‘ lossc's her any sin^h‘ test may bt' iuvt\Nti^i^alet!. 

Hirn’s analysis makes possible the determiimtion cef 
tlu^ iH‘t head change’s ceeeurring bedwetai atlmissimj am! 
(‘Ut-iilT, enit-aelY and n‘least‘, release* and cannprissioii, and 
c‘ompr(‘ssion and admission, but does not give infornm:* 
tiem as to the* aetual direetion of heat transferenee at 
any monamt. Fortniiately, the '/k/oiliagraiit oIYitm a 
graphical! solution e«|utvahm! lo that c»f Ilirtd'** analysis, 
and also makes elcair fhe* direciion in which the inter 
change* of he\nt is eecciirring a! any peiinl. Before* 
a. 7h/>“proje*etion eef an in«rn’a!e»ro*aret eaii be inatle, 
it will be* nt‘ee‘ssary to distniss at length tin* dilTeroiit 
ruH‘s of the caret in terdf‘r to deterinine exactly wlmf 
c*uc'h rc*pre*se*iits. 

The Aciniissinn Line of the Iiiiliraifnr-eiiriL 1 hiring 
admissictn the* sleaiii laif at a iiniforiii temperatiiii» 
atal pressure. Barf is sti!! in the steniii pipe iiinier 
boilc’r presNurc, part has passed ihrougfi the v;tl\e clicst 
anet steam ports, iiinl lias already eiilcreel the eyIiinier, 
and still a I hire 1 pe»iiioii is iit the process of fniiisitinin 
In general, tin* siirreiiinfliiig iitelal is coldti' iliaii the 
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steam, so that a continual loss of heat is experienced 
resulting in condensation and decn^ase of volume and 
entropy. To this is added further effect of wire¬ 
drawing, due to too small .-it ('am passage's and to tlu; 
throttling effect wlu'ii the valv('. is ope'uing and closing, 
producing a drop of prc'ssure and iaen'ase; of both spe¬ 
cific volume and erntropy. It is probable that ('ac;!! 
particle of steam follows its own path in pjussing from 
the st('am-pip(( into the; eyliiuh'r up to tlu' [(oint of cut¬ 
off. Thus th(^ admi.ssion lime of the indicator-card is 
not the p!’-history of the ('utin' (juantity of at ('am nor 
of any particular part of it, and is only a record of the' 
pressuH! (!X(u-t(Hl from moment to mouu'nt by llm vary¬ 
ing (juantity of st('am contiiH'd in tlm cylinde'r. Ih'ijce^ 
in proj(Jcting the admission-curv(; into the T^-plane it 
must be n'nuunlx'red that the' projection do('s not n^p- 
nusent the T^-history of any portion of the steam, but 
is simply a n'production of each individual point of the 
pe-curve. 

Let «V (Fig. SHi) r('pre.s('nt thf* 7’</>-proj(‘(iinn of the 
adiniasion line of an indicator-card, while* /> r<*pn‘,s('nts 
the state point of the .ste'jtm in the* steam-pipe. Hut 
for the various lo.s.se.s the* ailmi.ssion line would have 
bceen (lb, which re'preHents (he actual path folleewe'd by 
the steam in the boiler. If, for a moment, we comsider 
the admiasion to n*pr(*.H(*nt a re'ver.sibl(‘ proce.as, (he 
ar(;a under «V' will re'prew'Ut the' heat ree*eived during 
this proceesH. Hence the» jirea repre.‘((*ntH the 
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(lifTcroiu'c h(‘(\v<>(*ii the heat contaiiu'd par pcunul of 
steam iu the boiler, ami tlu* amount rf'alized per pound 
in the cylinder, or the lossi's due to initial eomhm.satioii 
and wire-drawing. 'PIk* former would .simply n'.sult in 
the eonden.sation of part of the .steam, tlius causing the 
value of J to diminish from h to r, or possibly to some 
point slightly to the left tif c; th(‘ latter would eau.se a 



Flo tXl, 

drop in pressure and inereaw* of entropy, moving the 
state point to /. Due (o tlie impo?wibility (jf distiti- 
guifthing accurately betvvifii the.se two oppositig fac¬ 
tors, out* tending to lieerease, the other to inereast* tlw; 
entropy, the area rhh^t\ i.s taken t*) repn‘.smtt tin* loss 
due to initial e(»nd(*nsathm, and the area ««•'«' to reprtv 
sent the loss or redttcti«»ri in eflicieticy due to friction 
and wirt'-ilrawing. 
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The Expansion Line of the Indicator-card.—If wo 
assume that the leakages by jjisUiu and valvcss is nogli- 
gil)le chiring expansion, (lui expansi()n-eurv(^ Ix^t.ween 
cut-off and releas(' reim'senls llu! eonlinunus /le-Iiisfory 
of the <‘n(ir(' iiuantily of slixun conlaiued in (ho cylin¬ 
der; that is, of tiu! cylinder fe<>d plus (lus chairanco 
steam. Tlu' (empi'rature of tlu- st('ain throughout the 
cylinder is mil uniform, as lu'at-conduetion is oceurring 
bet\ve(m tlu; sl('am and (h<; nielal, so tluit (h(dndie:i(or 
records but the averag(' pressure diui to these variable 
temiK'ralures. Hence the 7’t/i-projec(ion will giv(^ but 
av('rag(! vahu'S of (he 7’</)-ehanges during expansion. 

Since (here is no appreciable friction of tlu' st('am 
against lh(“ metal, as during admis.sion, i(. follows (lial^ 
neglecting the in<‘i|ualilies in (he ((>mp<>rature of (he 
steam, there is no reilut-ticm of tlu' luxit. (‘llicieney of 
the steam due (o inlrntnl irn>ver.sibh‘ processes, and 
thus any increas(' or deerea-e of (la* entropy of the 
steam must result from heat transferences be(w(>en tla' 
steam and th(> .surrounding met.al. If adialt.ntic, (Ih' 
curve w(»uld here be isentropie, but as (he .steam is at 
first hotter than the cylimler waits, the Ilow of luait is 
from steam to metal, thu.s ejiusing an incre.a.se in (he 
entropy of the metal and a decrease in (hut of tlu; 
.st('am. 

Th(‘ (‘xpun.sion line thus assumes at (he .start some 
.such form us c'd, becoming .s(i‘eper as the (empenitun 
drop.s, and just at the moment the leinperatuies of (he 


I 
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steam and (he walls are tlu‘ samt‘ it Inaiomes isentropic. 
From this points d, on to nFase at (\ tlu' iu^at^ transfer 
is from nu^tal It) steann so tliat tlu^ cmtropy of th(‘ latttT 
now im‘n‘asc‘s ami tlu* rnrvc* slants to tlu* rigFt. 

The idtnil imgim*, supplitn! with stc‘am t)f condition c\ 
would (‘xpand isnitropicadly aIon|^ cU\ to the hack pn^s- 
suri* at /a Ihutce the an’u imdt‘r tlu* first part, 

of the c'Xpansitm curve. repn\sfaits the loss of lu*at du(^ 
to conduc’ticui. Again, flu* ideal t*ngf!u‘, supphuHl with 
stexun of condition tl, would i*\paiid isc‘ntTopically to k. 
The* an*a umler fie. for the aclual engine*, thus repre*- 
stuits a gain due to the !u*at returiu*tl f»y the walls. It 
slu)uhl ht* iiiileil that tin* lient thus regained is n*ston‘d 
at a. lowe‘r |f*niperatun* than that at uliic’h it uas ItJsF 
and hc*ncc* at a lower elhcienc). 

The Exhaust Line of the Indicator caird. h(*t us ecui» 
side*r first the case where the e\paii.^4on is (*arrie*d tlown 
to hae‘k pressure. Tin* i*ngiue, supplied witli 

steam td t|iiahly wouhl t*\patf«! along #e| down la the 
prc*ssurt‘ in the (‘ondtuiser and I hen eondense along we, 
Tlu* actual cngiiua due to the resistance of the exhaust 
ports, vU\, wouli! expand lti some prt*ssurt%ns /, gr(‘alf*r 
than that in tin* coiifii^nser and wuuhi t!u*n exhaust 
nltuig Iff. dlie area /f/pfii would thus r«*pre.sent the 
IcKS of lieat due tt* llirolfltiig ihiriiig t‘\!iiuist. 

If t!u* release vahe ttpeiis at r fiefcua* haek pnwun* 
Is n*n<*lieth the phiaioiiieiia aie ir^ follows: As the valvi* 
BtartH to open steain !rt‘giiis tft esiaipe atid is (hndtlwl 
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down to the condenser pre&sure; :i.s the valve continues 
to opeii the (.'scape beconu's more rapid until the back 
pressure is (wtablislu'd. llK'n on the rc'turn stroke more 
steam is forced out against the Ixu'k [u'c'ssure, and near 
the (md, as the exhaust-valve* Ix'gins to close, th(>re is 
a slight rise in pressun* and a small fiuantity ('scap((s, 
suff('ring nuliKdion in ediciency by throttling. As the 
valve close's, all the cylinder fe'esl lues e'sca[K'd, and only 
the erle'arance steam re'inains. It is n(‘C('.s.sary to note 
that the exhaust line of the* card re'cords the prc'ssure 
of the steeam still in the; cylinder at any moment and 
gives no information whatever as to its condition, or 
of the condition of tlnit portion already e'xhausted. 
Thus part of the* ste'am lues already reached the' con¬ 
denser (or in the case' of a multi[il('-ex[)ansion engine 
the following cylinde'r or inte'rme'diate rece'ive'r), and 
has already parted with some of its heat, while that 
still in the cylinder, l«'ing at a lovve'r temperature tluin 
the cylinde'r walls, is re'ce'iving lu'at and losing its mois¬ 
ture and may sometime's at compression have* iHxeonui 
even supe'rhe'ated. The' hist part of the exluiust-ste'am 
will ncce'ssiirily have' to retrace part of this thermody¬ 
namic process on reaching the condenser, or upon min¬ 
gling with the re'st of the steam in the* following rece'ive*r 
or cylinde'r. 

The! exhaust line* of the* card dot's not represent the 
pr-hLstory of any definite tjuantity of ste'am, but is sim¬ 
ply a pressure record of continually varying epiantitics 
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feOnfined in a constantly diminishing volume. It does, 
however, represent the amount of work required to 
discharge the steam, and in that sense the area under 
its r^-projection will represent the total heat dis¬ 
charged. 

In the case of the ideal engine, the exhaust line, efg, 
divides into two parts, ef and jg, equivalent to decrease 
of pressure at constant volume and to decrease of vol¬ 
ume at constant pressure respectively. The heat re¬ 
jected is represented by the total area under efg, and 
exceeds that rejected after complete expansion to the 
back pressure by e/m, which thus represents the extra 
loss incurred by incomplete expansion. The exhaust 
line for the actual indicator-card will be some such 
curve as efg', where the area efl shows the loss due to 
incomplete expansion, and Ig'gm the loss due to throt¬ 
tling, friction, etc. 

The Compression Line of the Indicator-card.— The 
compression-curve, from the closing of the exhaust- 
valve up to the moment of admission, gives the pv- 
history of the clearance steam, and, if no leakage is 
assumed, the T-jS-projection will thus be the actual 
TijS-history of a definite quantity of steam. As the 
pressure increases the curve deviates more and more 
rapidly from the adiabatic, due to the increasing effect 
of conduction losses, and on some cards may become 
nearly isothermal. In such cases it is probable that 
the assumption of dry steam at compression is incor- 
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reet, the presence of moisture helping to explain the 
rapid loss of heat. 

During the interval betwec'ii the ofx'ning of tht; ad¬ 
mission-valve and the attainment' of initial [in'ssure 
the time interval is so small that ])rol>al)Iy tiu' assninp- 
tion of adiabatic compression of tlu' clearanc(‘ stc'am 
\vmild not be greatly wrong. Tlu' gain in lieat thus 
incurred must be. at onc(' lost by comkmsation during 
the first part of tins admission, but it- is iinpossil)l(' to 
detcnnin(\ tlu; history of this change'. 

To obtain tin; 7V/>-proj('ct ion of tlu^ coni])r(‘ssion- 
cui'vc, tlie. saturation-curve for tlu' weight of cle;iranc(' 
steam should be drawn tlirough the iioint of compn's- 
sion (assuming dry stc'um at conipn'ssion) and tlu^ 
projection performed as previously descnlx'd. Th<> 
curve will assume sonic* such form as pq, which may 
or may not, according to circumstance's, have* its course' 
partially or wholly in the siduraled or sujie'rhe'ate'd 
re'gions. In any ceasee the' are'a uneli'i- the curve', wlu'n 
rexluced to the pro[K'r nitio, shows the* hc'at lost to thee 
walls during c'oinpre'ssion, and, if the horizontal line of 
the indicator-card is ('stablished at (/, gives a. ge'ue'ral 
ielc'a of the te'inpe'rature' of the e'ylinek'r at the' inonu'iit 
of admission, and lu'ne-e a ine'asure of the' heat necc's- 
sary to bring the cylinek'r up to the teinpe'rature of 
the entering ste'iun. Mxce'pt for this one' fe'ature, the' 
(eyclo of the e'h'eirancee stc'am is unimportant, as edl 
ihc' losses occasioned by it will be* manif('.st('d by the' 
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diflVrc'iirr lK^twi‘i*ii \ho vyvh for an ("ngyie, 

workinfi; hctwinai tin* givtai pn'ssurc's in fta; 
pip(' aiul (ainili*n.-^t‘r, aini tla* 7%/i-plot of tlu^^’aofual 
cnti, ' ^ ' 

The lM#cator~card, ('ous’ult'rfd a.s a whoka'^'me in(!i- 
(*ator-c*arcl furni.'^ho.s |In* following infonnation. Tho" 
admission lino and tho oxliatist line' simply ropn'seail 
tho prc'ssuro of par! of tho .sfoam, Im! do ncef give' any 
informalieai re*ganliiig the* spea'ifie* volume*. On llu* 
otht»r liunth hnlh the* oxpansion aiiel the* ceanpre'ssion 
line's give* the* hi.nleery e»f dofinile* epiantitic's c»f ste*am. 
Thus Ineth the* axpaiiNiem and t'oinprossieen of the* 
(*le*ara!H*t* stoam are* roe'etnleMl, while* only the* e'xpan- 
sieat eif till* e*\iiii<!or h'lnl iippe*ars, the* (’onipre*ssion ed 
the* luttor eH*e*iirriiig in tin* h<tih*r, 11a* e’Ulin* c’arel, if 
pledlt'd eiiroftly, e’aii at tin* he*st hi* (*oiisit!e*rotl otily as 
the* he*at e*c|nivah*iil t»f the* work eloia*, hut not ns tin* 
7h/e'histeiry eef any e*hiMnl f\*e*lo. Ileus, for <*\ample‘^ 
while* fin* pr«j]f*t‘tion e»f tlin f*\liati>l lint* givt*s stsene* suoh 
t*urvi» as r/V» wliitli mi fht* 71/in*hnrt ineii(*ate*s e‘c»n- 
de*nsnti<»n, it is priiludiln that fin* vntui* of / t»f the* oeen- 
finf‘el stoani is nrfiinlly iiioroiisiiig, 

1ln* diflivullios involved in the* prope’f infnrpre*tiitiem 
of tin* irrt*vi*rsilili* portions of tin* iinlioiiteiroxanl have* 
li*ei difTt*n*nt tiivostigiitors fn innki* f*i*rtain iissumptieniH 
as to the* inlhioina* eif tin* «*lraniiit*o ste*am find as to tiu! 
possihility f>f ri'plartiig tin* at*lual vurvos hy e*cpiiviilf*nt 
rovorsihlt* prowssos, 



26S the temperature-entropy diagram. 

The Clearance Steam Considered as an Elastic Cushion. 

—^During expansion the clearance steam follows the 
same laws and variations as the cylinder feed, and this 
in general is not the reverse of its history during com¬ 
pression. Thus the cycle of the clearance steam, if it 
could be drawn, would enclose an area representing 
either positive or negative work. This cycle would 
then be of especial interest in determining losses ex¬ 
perienced by the clearance steam, but as these losses 
must eventually be charged against the entering steam, 
the total effect upon the efficiency would be the same 
if the clearance steam were considered as an isolated 
elastic cushion expanded and compressed along the 
same adiabatic. If, then, an adiabatic is drawn through 
the point of compression on the indicator-card, the 
horizontal distance from any point on this adiabatic to 
the corresponding point on the indicator-card shows 
the volume which the cylinder feed would occupy 
under the above assumptions. Taking this adiabatic 
as the line of zero volume, a diagram can thus be con¬ 
structed which shows only the variations of the cylinder 
feed. It is then only necessary to draw on the satura¬ 
tion-curve for the weight of steam fed to the cylinder 
per stroke and the card can be at once projected into 
the T^-plane. This is, in its essential points, the 
method adopted by Prof. Reeve in his book on the 
Thermodynamics of Heat Engines^ although he changes 
volumes so that the reconstructed card represents 
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the pi'-hustory of oiu' pound of cylinder feed instead 
of the actual wt'ight in the cylinder. To project his 
r('construet('d card into th(‘ T^-plane, it is only nec¬ 
essary to «lraw the saturation-curve for one pound of 
steam instead of that for the pounds f('d per strok('. 
Tnasnuu'h as tlu* 7’</)-proj('<dion will 1 h' tlu' same in 
eitlu'r cas(' it seems sonunvhat simpl(T to adopt th(' 
first riK'thod, viz., to <'on.struct the saturation-curve for 
the numlu'r of pountls in tlu* cylindcT rather than to 
redraw the diagram to <“orr«“spond to one pound of 
cylimh'r feed. 

This method undouhtfully makes po,ssil)l<* a detcT- 
mination of tlu* general magnitude and character of the 
various heat iuterchange.s, hut is open to the following 
objections, 

'Ha* et>mpre.s.si()n line <tf the card refers to the clear¬ 
ance .steam alom*, so that t he deviatiotis from the adia¬ 
batic. thus obtained refer t<i itself and not to the cylin¬ 
der feed. Furthermore, th«* reconstructe<l curve may 
actually puss to the left of the water line, awuming 
imaginary values t>n tiu‘ TVi'^une, and thus give a 
wrong conception of the condition of this steam, which, 
instead of Is'ing wet, is usually dry or superheatt'd, and 
lif's to tlu* right of tlu* expansion line. Again, the ex¬ 
pansion line no longer rfpr<*sents the actual ;>c- or 
T^-history of the steam, Imt an imaginary history which 
the cylinder fcrnl might hnve if the clearance steam 
expandetl athabatieally. T'lu^ entire card thus lH'conu>8 
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to a certain extent imaginary, and in so far is imde- 
sirable. 

The Indicator-card Considered as a Reversible Cycle, 

—The area of the card gives the heat changed into work, 
and this same result may be attained by assuming the 
clearance steam and cylinder feed to remain in the 
cylinder, being heated and cooled by external means 
and thus caused to expand and contract along a rever¬ 
sible cycle coincident in shape with the actual card. 
The original card may thus be projected into the T<^- 
plane as soon as the saturation-curve for the total 
weight of steam has been drawn on it. The expansion 
line represents the actual history of the substance, but 
the compression line is entirely imaginary. 

This method was adopted by Prof. Boxdvin in his 
book. The TJnirojiy Diagram-, from which the following 
two illustral ions are copic'd, with but slight alterations. 
ABCDEF, in Fig. 97, represents the T^i>-projcction of 
a certain indicator-card. The line DE represents the 
actual e.xpansion liistory of the total steam; the other 
lines giv(! morci or loss imaginary values. The small 
diagram at the right is used to interpret the compres¬ 
sion lino AB. If W and w represent the pounds of 
cylimk'r fo(‘d and clearance steam respectively per 
revolution, the large diagram represents the cycle of 
lb fie pounds of the mixtun*, while the small diagram 
r('pres(‘n(s (h(‘ entrojjy of w pounds. Assuming dry 
steam at compression, the heat rejected by w pounds 
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(luring C()iupn‘ssi<ni is shown by arc'a The 

enfrnpy a^a <lue to tlu^ vaporization of 

w pounds of watta\ so that Ad raust r(‘pr(‘S(ait that for 
tlu^ ir pountls of oylindor ftn'd. dlirou|L 2 :h .1 and f/ it 
is thcai possiblo to draw t la* watcu’ liiu^ AIj and tlu^ 
dry~st(»ani liia* t/A* for IT pounds. Tho eyclt^ for the 



I'an *07. 


Ihmkino oiigino iiHtiig IT jatiiutlH por rovolutiou is rop- 
n'scailfd Iw d/*A 7 f, so that the t'tliritia’V tjf the aetuiil 
(Uigine us coifipnrod milli the ideal cutgine is 

Alii 

A LX it ' 

Tn Fig* lot // file! /. ho the liquid lines of IF and 
IF I le pounds respe<livel}% iiitd let 1 /* be drai\n ilinnigli 
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the point of compression a parallel to U; and let S and 
S' be the dry-steam lines corresponding to the water 
hues L and L". As is evident from Fig. 97, the hori¬ 
zontal distance between the liquid line AoCo and the 
compression line AB is equal to the entropy of vapori¬ 
zation of the clearance steam (for example, AoA^cioa, 
BoB = hab). In Fig. 98 the horizontal distance between 
L' and L represents the entropy for W+w—W or w 



pounds of water. Therefore the horizontal distance 
from L' to the compression-curve ab represents the 
total entropy of the clearance steam. a'L' is thus the 
curve of zero entropy for the clearance steam, and any 
curves, such as nb and aL", parallel to a'U represent 
isentropic changes. The heat rejected along ab is thus 
shown by ahnn^a^ without the help of any auxiliary 
diagram. 

afiU'S'r represents the heat received per cycle in the 
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r pouixls of (“vliiiilcr ahah'f rcproKontH Iho heut 

itilizc'd, Ko that tlu' iliUVri'iin', M, I'eprow'iit.s the total 
[{'at. losaes. 'I’liest' consist of th(( ('xhaust-lu'at 
h(i heat lost (iurinfr; eoiiipn'ssion «/>/(»,«,, and the heat 
)st, during athnission. Tlu^ lu'ut ri'fuiuh'd during (‘x- 
lansion is r('presen!<'{l by llt'tua' the lu'at lost 

luring admission e(iuals 

If the condition of the slc'ani is (h'sired at any point 
if the expansi(tn dt\ if is found by reference to tla; litu's 
'j and ^ and not with rt'fercjice to //' ami A". Ih'uce 
he initial condensation ehanged th(‘ staf(‘ point from 
1 to {/', so that this loss is repres<'nte<l by the area 
inder »SV/' ami not by that under kSubtracting 

his from the total loss during admission there is h'ft 

('L"()rdd’ t »V.S',r»S" n^nht^mt^ 

IS th(' heat losses due to wirt'-drawing and friction. 

This method is simph* ntiil {'asy of apitlication, sis it 
ciiuires the construction of (Hjly two extra curves, // 
md *S''. Furthermore it J*- very complete account 

)f the clearnntH* steam. The only objection, appar- 
intly, is that, with tla* exeejjtion of the expansion lii«s 
fe, it gives an entirely faint* idea <»f the cycle of the c.yl- 
nd(^r f«a«l, as this in rtadity is entirely condensed and 
;hcn heated along ah" in the Ijoiler. 
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If the cylinder is jacketed, the heat given out by the 
jacket steam may be indicated at the right of XH 
(Fig. 97), as shown under XJ. Further, if the radiation 
loss is known, it may be represented under JRj and 
then the remaining area under XR will represent the 
heat given by the jackets to the steam in the cylinder. 

Separate Cycles for the Cylinder Feed and the Clear¬ 
ance Steam.—Whatever the assumptions made with 
reference to the card, its total area must not be changed. 
Thus, even if an attempt is made to draw separate 
cycles for both cylinder feed and clearance steam, the 
compression line of the resultant cylinder-feed card will 
never exactly coincide with the water line of the 
diagram, so that this line must always remain imagi¬ 
nary in its readings. It is, however, possible to have 
the reconstructed expansion line represent the true pv- 
history of the steam. Thus, in place of drawing an 
isentropic line through the point of compression, draw 
the polytropic curve pv'^-^C, where n has the value 
found for the expansion-curve. Assuming that the 
clearance steam is expanded and compressed along this 
line, the card for the cylinder feed can be constructed 
by assuming this curve to represent zero volume. The 
T<^-projection of the expansion-curve will thus repre¬ 
sent the true average history of the cylinder feed, and 
the compression line will follow more closely the water 
line than it does when an adiabatic curve is taken as 
the new base line. 
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Tlie cycle for the (‘Iruranct^ stt'Uin (‘ao \)v foimcl l)e- 
l\V(‘<a]i cut-off aial n'leasa^ anil hi'twinai coiupn^ssion and 
aihnissioU; hut tlu* ri'st <d' it would 1 h‘ (4itir(‘ly imagi¬ 
nary. PoHsihly if might 1 h‘ (*(>ntimii*{l from admission 
up to t!u^ altainment cd' initial pnsssurc* by assuming 
adiabatic*- compression. As may bt^ sec^n frmu Mg. dh, 
the* ch^arance^ steam contains less moisture* at admission 
and (‘ompression than at cut-off and release* n*spc*(v 
tivedy^ so that \\!iabn*(*r its exact path befwemi admis¬ 
sion and (*ut'-off and ItelwtHSi rek*ast* and compression^ 
it must at leas! show di*en*asing and inercxising vaha‘H 
of A" respectively, mi that its history is t!a* revm’st* <}f 
that- shown byjhc* iiiiiit‘ator-card ilsedf. 

It Is doulifful if the iiumeaseil labor hivtdved in the 
making of such a plot would bt* rectanpeiisc^d Iw any 
addcMl information wliich could not lie oldaiianl \ty a 
propc‘r interprcdalion of lla‘ sinipk^ nutlitod used by 
Pmf. lioulviu. 



CHAPTER XIV. 


STEAM-ENGINE CYLINDER EFFICIENCY. 

The thermal efficiency of an engine, that in, tlui frac¬ 
tional part of the heat energy nnuavtul whic^h it change's 
into useful work, is limite.<l first hy tlu^ idt-al efiieie'nc'.y 
which is fixed as soon as the initial (piality and pres¬ 
sure and the back pressure an' known, seu'.oiully, by 
the cylinder efficiency which is a nu'asun! of the lu'at 
losses in the cylinder, and finally, by the mechanical 
efficiency which is a measure of the mechanical fric¬ 
tional losses of the whole en^iu; and is equal to the 
brake horse-power divided by the iiidicatcsd homev 
power. The thermal efficiency is thus the product 
of these three separate efficiencies, or 

^total ^Rankino' ^oylinSer ‘ ^meohanioal* 

In order to make the total thermal efficiency a 
maximum the engineer must so design the engine 
that each of the component efficiencies possesses its 
maximum value. The factors influencing the Ran- 
kine efficiency have already been discussed in Chapters 
XI and'XII, and this is, in any case, determined by 

276 
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the ranning coiKlitioiis in the plant. The mechanical 
efficiency i.s controlled by workmanship and the choice 
of proper metals for bi'aring surfaces and of suitable 
lubricants. It is thus a mechanical and not a thermal 
problem, and so falls beyond tlu; scope, of this treatise. 
The cylindf'r ellieieiicy being the result of pundy 
thermal processes can, as shown in th(^ pnaa-ding 
chapter, bt; submitttnl to tlui tempi'ratm'e-entropy 
analysis. 

In order to miniini/,t‘ the. heat lo.ssc's in a steam- 
engine it becomes neces.sHry to luuh'mtand th(i various 
factora which prodiwe them. Tht; lo.s,ses are of three 
kinds: 

(1) Tass of availability due to throttling during 
admission and cKliaust; 

(2) ICxterna! ra<Uatitm ami conduction loss 

(3) (’onilen.satiou aiul re-evaporation inside the 
cyliiuler. 

The throttling 1o.s,ses dt'pemd upttn the relative areatj 
of piston and sUiun ptirts, as well sis upon the K{MuaI 
of the piston and the Itnigth and ert»ok(>dne.HH of the 
ports. In the ease t>f compound engim‘s the; length 
and croHs-KfS!tional arejus of the reeeiv(*rs and pijnng 
Ixitween thci cylinders must also Iks considered. For 
a given engine the higher the sikkhI the gnuiter tho 
throttling Io.s8. 

The cxtenuvl loas deiHUHls Ujfjon the diflerenco lic- 
tween the mean temperature of tho cylinder walls 
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and the out&idc air, uj)on the area of tlu^ radiating 
surface and the condiudivity of the niaterials used. 
A high-pressure cylinder will radiate inori' lieat, per 
unit area than a ]ow-{)r('ssur(! cylinder; a sU'ain- 
jacketed cylinder will lose inon; lu-at externally than 
a non-jacketed cylinder, because of its higher t('m- 
perature and larg(U- surface. This loss is small in 
comparison with the condensation loss aiul can be 
minimized by lagging the cylind(‘r wit.h some suitable 
insulating material. 

The condensation and n'-evaporation loss is caused 
by the tendency of lu^at to (‘([ualizK'. the ttmipt'rafure. 
of bodies in thermal contact.. 'I'lins tin; cylinder and 
piston arc cxposcul to steam lluctuating in tempera¬ 
ture betw('.eu that eorrc'sponding to the pressures at 
admission and exhaust, rnvc'stigatloas have shown 
that the fluctuations in t.emian’atun! of th<‘ metal 
extend only a slight distance, two or three' lumdn'dths 
of an inch, into the mass of the cylindi'i*. It is thus 
almost a surface phenonumon and tlm mass of m<‘t!(.l 
participating in it is proportional (|iractically) to tlu' 
surfaces exposed to tlui stc'am. Th(i <iuHntify of heat 
transferred is proportional i-o th(\ difTerence of tem¬ 
perature between the steam and metal, the! area, and 
the time. Of course if tin? tinui interval is long etmugh 
the metal will bo raisc'd from tlu'. temperature of ex¬ 
haust to that of admission, and tlii'ii tlie heat n'(iuired 
will equal the weight of metal involved times its .specifio 
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heat times the ehuii|,^t* in tc‘rniH^rature, hut at higlua* 
specnls the tc^mperafure uf fh^ stiniin fluefuat(\s so 
rapidly that thta*e is iu4 sufliriiaif time" for tlu^ uu^tal 
to arrives at cather flu* Uanperafun^ of atlnnssiiHi ca* 
exhaust; an<l it thus Ihaiuntts ht^fwtHai sonu‘ iu(c*r- 
inediate tempera!Aiii>ther way luokini^ at 
this is to assume lltat the nieial dirmily iii (‘eutac't 
with tlie stt*am its feiii|Ha’afure immi'diately 

atul then hy c’oitdiitiien sueee.ssive layers are lu'cm^ht 
to the same tempm'afure. litis reipiires time, so that 
the higher the speed the thiiiiui* flu* layer of metal 
which is involve*! in the optamlioii. From eitla^r point 
of view thc^ only way to eliininaft* this heat traii.sft*r» 
cnee woultl he to nm the eiigiiit* at iiiliiiite spiMnl. 
(bmparative tests iiiinle upon vaihius engines hy setting 
liu! gcjvernors so that they nndd run a! different spcssls 
with the same* reniditioiis of eiit off, and ttf initial and 
back prc*Hsun*.H always show that tie* fsindensalion leiss La 
nearly propeirfieaial t*e the time required her a nwailuliom 
Increasetl speetl iiitatiis, litrtvi*ver, iii«*reiised peirt 
anil to prt*veiit iiiernistsl Ihrnttrnig loss and tlius 
increased area cef rndiiitiiig siirfiiee witfi its roitseejnent 
loss, Tlie miiiitMT of nwadiititiiis is nlso limifel hy 
various meehniitrii! hitiors, so that the sptait in any 
given east* iiiiiy be emisiilereil ns fixed. It llit^reftiro 
remainH to invesfigntr itn* elTnl uptiri initial eon- 
dcnBiition of the til her rleiiieiits of design iit the tlis- 
poBal of the designer, 
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(1) Size of unit; 

(2) Point of cut-off; 

(3) Compounding; 

(4) Steam jacketing; 

(5) Use of superheated steam. 

(1) The mass of steam contained in a cylinder, 
other things being the same, increases as the cube of 
the dimensions, while the area exposed to the steam 
Increases only as the square of the dimensions. Thus 
the radiating surface per unit weight of steam dimin¬ 
ishes as the first power with increasing size. That is, 
doubling the dimensions, or increasing the volume 
eight times, reduces the initial condensation per pound 
of steam in the larger cylinder to one-half its amount 
in the smaller cylinder; trebling the diameter and 
stroke reduces the condensation to one-third its origi¬ 
nal amount. 

(2) The position of cut-off in the high-pressure cylin¬ 
der controls the weight of steam admitted to the 
cylinder and therefore the power developed per stroke. 
The longer the period of admission the greater the 
horse-power. Does the thermal efl&ciency or economy 
increase at the same time, or does it fluctuate, and 
if so, at what point does it attain its maximum value? 
Roughly speaking, the cylinder head and the piston 
and that portion of the cylinder exposed to the steam 
up to the point of cut-off have their temperatures 
raised to that of the entering steam, while the tempera- 
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turo of tho rest, f/f tlu' cyrnulcr is mist'd varyiii”: ainotinta 
as tho (('luiiomiuro of tin- stoain drops duriii" oxpan- 
aion. As caf-olT chaiiiys tho lu'at n'liiiirod to warm 
the metal also ohan.yt'S shujlitly, ht'oaust' tht' portion of 
the cylindt'r honloil to uilmissioii toniitoraturt' chanfiit's 
with tho out-olT. hut a iarp' part of tlu- surface, viz., 
tho ryrmdor-hoaii, tiio piston, aiul tho inside of the 
steam-jiorts, remains tho same, .so (hat altlioii^^h the 
total variation iu eoolin'^ snrfnoo inoroaso.s ami de- 
croasos with tin* eul-ofl it is at much .slower rate. 
Tho heat rei(uiroil to warm tin* eylimlor pi*r .stmUt^ Is 
thus hut slightly variahle, lii'ing nearly tlu* .same for 
widt^ variations in out-olT, imt the weight of .steam 
increa.seH with the esit off so that the lo.s.s of heat per 
pound diminishes a.s I hi- eiif -oiT inen'ase.s. The maxi- 
mutn eomleti.sntion loss is thus found at t'urly out-ofT 
and tht' minimum loss when steam is tidvoit through 
out the entire stroke. .\pi»nrentty from thi.s point of 
vit'W the t'fonomy of an engine inerease.s with tlus 
power deve!o(H'il. 

ff no heat losse.s oeenrreil in the eylinder, e.xpnnsitm 
from early ctd-tifT wonld earry the pn'.s.'nirt! at tlu; 
end of the afrttkt' lH'lt)W' haek pnwiure, then as eiit-ofT 
inert'asiHl the fund pressure would tUst» iiiereuse, aiul at 
some definite jK>int t»f eut-«itT wtmld jiwt etpud tht; 
back pressure. From this point on tlu* final pr('s.sur(! 
would exceed the }»ack prt'.ssure, and, finally, when 
cut off occurrcil at the eml of tlu; Htroke, there wouhl 



282 THB TEMPERATURE-ENTROPY DIAGRAM. 

be no drop of pressure whatever. Due to the con¬ 
densation during the first part of the expansion the 
pressure in the actual cylinder drops more rapidly 
than during adiabatic expansion, so that the cut-off 
which will give a pressure at the end of expansion just 
equal to the back pressure is somewhat later in the 
actual than in the theoretical case. If cut-off occurs 
later than this the pressure at release drops, without 
the performance of work, down to the back pressure; 
that is, the availability of its internal energy is wasted. 



Thus the more cut-off exceeds that value at which the 
expansion would bring the pressure down to exhaust 
pressure the greater the wasted internal energy. Con- 
.sidered from this aspect alone the engine would first 
run with a negative loop in the card, so that its economy 
would increase up to the point at which the loop dis- 
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xppearcMl^ aiul frcnii this pniiit iuiwanls the eronDuiy 
^ould <lcH‘rease slcnvly us tlu^ powtu* iiirreasiHl. 

There art' thus two futdors opposing iu» 

lueiuH's: iuitiul etauttiisutioa whieli diminishes^ and 
OSS of iutfu-nal ener^ry whieh ineri‘HS(*s witli tli(‘ huid. 
fhe mutual variations tsf these faettu’s eanncjf in th(^ 
)resent stntt* of oiir kntu\hMl*r|4 P|. pn‘dirttHl rnnn 
K)int to point, hut it is iif least evisteni (liat tlana^ is 
u)Jtu‘ cmt“OfT at wliieh tin* sum of these two losses will 
)rove a minimuiii !l!lu lo delermim* this poiiit 

)f nicest ecunomh’id eitl-off for any |.tivtm vw/mv ecatruuuy 
/OstH must be run at varying loatls for tlie sana* tu^iler 
uid bank pressurt*s, Then the t*!!ieieney and eiit.-olT 
mist b(^ plotteti as iaiurdiiiHt«*s nial thi' ininiiiiuni point 
tf the curve thus e^<tiiblisfie«l wilt be the desired etif-cdT, 

(3) The licat absorl«sl by tlu^ ey!indt‘r metal oa(*h 
evolution w proportional to iht^ ehange at fempauii- 
■ure wliieh the iiietii! undergoes: this in fnru depmuls 
ipon the dilTertmee in leniperntiire tsf the entering and 
caving steam, dlierefiin* the greatca* the rango of 
iresaurc^ or beltia*, of teiiiperatiiri% in a cylinder ilic* 
greater the initial eoiidiuisatifui. Halving the tempisra- 
urc range lialves the niiifleiisittion loss* 1 ‘Iiuh if an 
mgine is to work litUweeii fixi^d leiiiptu’ature liiiiits 
he initial eoiaieiisaiitiii loss tiiay tn* reduei‘t! by nub- 
lividing this tiunperiilitp* drop iiitiiiiig Htna*riit eyliiidem^ 
,hat iS| by efirnpfniiiiting tin* engine. Hit* ntoam 
mdensecl in the first ryliiider is reuwaiporait'il tiiiring 
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exhaust and it can thus be utilized in the second 
cylinder to produce power or to heat the walls. The 
same steam could be used over and over in successive 
cylinders to heat the walls, so that the condensation 
losses are not additive. Therefore the greater the 
number of cylinders the smaller the condensation loss. 

But the addition of each new cylinder entails an 
extra throttling loss in its admission- and exhaust-ports, 
an extra external radiation loss from its walls and from 
the piping and receiver which connect it to the pre¬ 
ceding cylinder. These radiation and transference 
losses are practically proportional to the number of 
cylinders. 



In compounding there are thus two opposing factors 
to be considered: the initial condensation loss which 
diminishes, and the transference and radiation losses 
which increase with the number of. cylinders. As 
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before, the theoretical devi'lujmu'iit of the subject 
proves itiatUviuate ami tlu* proper degree of eonipoimd- 
iiig for difTenuit pressure ranges must be detemiiiu'd 
exiH'rimeutally. 

Fig. U)0 shows tlu! charaeter of thes(> losses for simple, 
<-ompoimd, and triple expansion, belwt'en the samf^ 
initial and final conditions. 

(4) Watt stated that flu' function of a sfeam-jack(>i 
\v!is to heat the eiigint' cylimler to the temperaturt^ 
of the entering steam. If a jacket enfirt'ly fulfilled 
this rtsjuirement initial c<tndensatum of steam insidi* 
a cylinder woukl t«; entirely eliminated. 'I’his would 
mean that the cooling of the cylinder walls by low- 
temperature steam during expansion and exhatist must 
be madi' up bi-fore admission by heat taken from the 
jacket. Ihiring expansion the steam would receive 
heat from the hotter walls ami it.s pre-ssure woukl thus 
be maintainetl at a higher vtilue tluui that correspond¬ 
ing to adiabatic expamsion. Hona' work would thus 
be performed by tlm heat rcceiveil from the j.acket. 
But this heat, thtw received at low temperatures, could 
not be as eflismait as the high-temperal ure heat cotifainetl 
in the ent(Ting steam. Ihiring exhaust the walls, 
Iwing at the temperature of live steam, give heat directly 
to the steam which heat is earrieil away witlunit pt'r- 
fonning any work. In fact by increasing the volume 
of the exliau-st steam it may actually increase tlu^ 
tihrottling loss tluring oxlmuHt. The stcam-jai'ket by 
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increasing the external temperatures and dimensions 
of the cylinder also increases the external radiation 
and conduction losses.' 

The steam-jacket is thus not only an inefficient 
method for supplying heat to the inside of the cylinder 
for the development of work, but it also increases the 
external losses. The increased economy obtained by 
the use of a jacket indicates that the decrease in 
initial condensation must more than offset the losses 
inherent in the jacket. The reason for this is readily 
found. Although steam is ordinarily nearly dry at 
the throttle the moisture at cut-off may range any 
where from 25 per cent, to 50 per cent. The steam at 
release usually contains somewhat less moisture than 
at cut-off, but not to any great amount. The re¬ 
evaporation of this moisture during exhaust extracts a 
large quantity of heat from the metal which must be 
be made up by the entering steam. If now the jacket 
by preventing initial condensation permits of dry 
steam at cut-off, a lesser weight of steam would be re¬ 
quired and at release this would not contain more 
moisture per pound than that naturally incident to 
adiabatic expansion. There would thus be a smaller 
quantity of water to be evaporated during exhaust, 
and consequently correspondingly less heat would be 
required from the cylinder walls. Further, all the heat 
l{»t to the cylinder walls through initial condensation 
and re-evaporation is entirely wasted, and only the 
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lu'Jit of tlu' li(|:uui at exhaust toupeniturr hin ho n-tuniod 
to tlu* Ijoilor, hut sonu- of the licaf to tho cylindiT 

by the jaeket does work duriujj expansion and tlie 
luxit. of the Ihiuid ran he restored to the lioiler at [toiler 
t('inperature. Kxperienee lias shown that in most eases 
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a not saving is obtained from the use of a Jaeket. Natu¬ 
rally, the engine having the largest rondensalitm Iosh 
would he most heiielited by (he addition of n jaeket. 
Thus a jaeket would produce a greater .saving on a 
small engine than on a large one, on a .slow .speed 
engine than on a high-.speed fsjieeil refers to miml«‘r 
of revolutions and not the dwtanee traversini by llui 
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TIu' cylliuliT t'flirieiicy euii be obtahied from the 
abovi' by tlivulin;^ l»y llu- Hankhu; oflick'ucy. 

When jiU'ketn an; UKod on infc'rnu'diaU; and low- 
pressure cylinders the, jacket steani is at a higher 
temperature tlian the cylinder fc-ed (hiring adinksiou 
and can thus inert; readily perform its function. 

The use of jackets on and reheating coils in inter- 
mediatt! rt'ceivers has the primary objtad of drying 
the exhaust frnm the. preec'ding cylinder Jiefon.; it [lasst'-s 
on to the nt'xt. Tf the steam is not veay wet, or if the 
moisture, is removt'd by a separator, (hiy may stTve 
to superheat the. steam. Certain tc'sts sei'in to indicate 
that unless they superheat the stc'am they fail in their 
purpose.* 

(■1) As mentioned on pp. tin; u.se of super¬ 

heated steam has but slight effect upon the, Hankino 
cfFiciency. Thus with steam prt>s,sure of 200 llxs. 
absolute and exhaust at 1 lb. absolute the Kankino 
cniciency for dry saturati'd steam is .10.0 per cent., 
while with steam superheated 100" F. th(‘ (‘ffieiency 
is only 11..1 per cent. Tins large .saving actually 
effected by HuptTlmited steam must therefons be due 
to its (iffect upon tlie (ylinder efTicitmey. 'I’he explana¬ 
tion ia fountl in tlie olwerved fact that Iieat is conducttsl 
less rapidly between a gas and a metal than betwetui 
a liquid and a metal. Thus Ripper (Slaam Engine 
Theory and Prnetke, p. 149) found in a certain small 

*Trana. A. S. M. E., vol. xxv, pp. 4.13-501. 
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engine “that for each 1 per cent, of wetness at cut-off, 
7.5° F. of superheat must be present in the steam on 
admission to the engine to render the steam dry at 



AhS. 

Zero'-1-1- 1 ■ - .— ■ 

Fig. 102. 

cut-off.” The loss of a small amount of superheat 
prevents a larger condensation due to the decreased 
rate of flow. And fmrthermore the steam containing 
less moisture at release, less heat is removed from the 
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cyliiul('r nu'ta!, uiui (“()usi'(j;iu'ntly loss heat is rccjuirod 
from tlu' iK'xl admission stc'am. 

L('t 1, Kif;. 102, repnsseiit tlu; expansion line whom 
dry-salurated steam is supplied to the engine and 2 
when suf!i('i<'nt su{)erheat is presemt to give dry st('am 
jil eut-olT. 'I'he eross-haUdu'd portion n'prt'scmts the 
extra lu'at utiliml p(>r pound heeaus(5 of the addition 
of tlui small amount of superlu'at. This represents 
a ease where the heat received p(>r pound, is 

inerc'asi'd hy alsmt one-fifth or oni'-sixlh, while the 
heat utinztid per potmd is ni'arly douhlt'd. 

Comparison between Reciprocating Engines and Tur¬ 
bines. -In the steam lurhine then; is nothing analogous 
to tlu; initial eondtuisation atid re evaporation loss('s 
of tlu; n;<-i5iroeating engine. After tlu‘ turhiiu' is 
onet; in op<‘raiion a eonstant temperatun; gradient is 
estahlislied from tlu; admission to tlu; exhaust. That 
is, tlu; .steam is eontinually diminishing in leinp»-ralure 
jis its pressure; drops in tlu; .sueee.s.siv(; nozzh'S and stages, 
and the adjacent nudal .soon aciiuires tlu; .saitu* leinpe'ra- 
ture as tlu* steiam. I’hus tlu; lu'at conduction lo.s.s(;s 
an* i>f twt> kinds: tran.sference of heat through the, 
metal from tlu; st(;am to tlu; attiutsphen; ami trans- 
feri;nce of heat through tlu; nu;lal hy conduction from 
.steam of high temijcratun; tet steam <if lowc'r leinju'ra- 
ture. Both of these los.ses art; prolmhly relatively small 
as ctanpartul with tlu; conden.satioti aiul rt;-t;vai)oratioa 
los«;H of tlu; recijirocating tyiu*. 
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In tln^ taigiiu' tlu^ lhr()(tling]()ss(\s during 

adiniasinn and t‘Khaust an^ t'nnipurativdy small, and 
{‘xisf priinarily In’cannsi^ of th(‘ impossihilily of making 
the penis larp* oianigh ncnisistmif with good d<‘sign 
to pn‘V{*nl drop in prossum. In I ho turhiiio (yp<% on 
tho cilan* hniah win* tlrawing oenairs iHaauist* <»f ihv 
impossil)ili!y of making tin* rloaranao spuea^s a.lH)ut. 
the hlade‘S small miougli to provemt it. dims in (audi 
stage a consiilorahk* portion of thr stiauu passevs by 
the blades witlicmf performing wc»rk upcm thenu 
Each type of motor tlnis posst\ssi‘H its own nudhod 
of dissipating tlie availability of the luait in the (mfening 
steam, aud» jndgtttg from etanuimy tests, tlu^ total lossc^s 
are alnmi the* same in botli imst's. 
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LIQUKFACTKt.N' OF V.M’OHH AND OASI-R 


Stu’Kiuikatki) st('am of the rotHlit’Km .shmvii at a in 
Fig. 101 might* 1«'to aaturatctl .*<toam hy on<». 



of two iiiothoda. First, it could !«* ki'pt in a Jiot Imtli 
at constant tcmpcrafurc atid lli(> prc-ssurc increased 
from Pa to ph, so tliat its state point would nmve from 
a to h. S(‘condly, it might he kept under constant pres¬ 
sure Pa (as a weighted piston) and its tenifterature 
allowed to drop hy radiatiem from t., to t„ so that the 
state point travtds from a to c. LUjiirfarthn tiill 
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begin by eHher pmrss as soon as (he state pomt reaches 
the dry-steam line. 

It Is at (>n(‘c^ cn’iiltai! that tha soeoiul nu^thod is tho 
only one always applioahlc', for tlu^ isothorrnal (*hanf!;c^. 
might takt‘ place* abena* the* critical (cm[)(‘raturc and 
then nee incn*ase* of prc‘ssurej lunvc'veT gnaitj could 
result in lieiue^factiem. 

Tlie critieail Itanpe^rature* of ste*ain is lK\yond tho 
uppe*r limif ed tcnipi*ratun^ tis(‘d in (*nginea*ring^ so 
that this is iitef ns clear he'rt* as in the* case* of seeinn 
vapor whi(‘h sup«*rh<*ats at esrdinary tc*mpe»ratun*s^ as^ 
for c*xainplt% carbon elioxidta 

Fig. Id5*shtavs tin* . /a* , and rf/j-diagrafus for 
(’O^. The clfud ditT<‘rt*nea*H betw<*en this diagram and 
that her steiun lie in tin* fat*! that tin* critical te*mpc‘ra» 
tun* is includenij thus showing tin* inte‘rsc*cfion eef the* 
liciuid lunl saturatetl vapor e*urve*s, and furlln*r, that 
the* vctlume c^f tin* litjuid is mew appre*c‘iabl(* with n*ft*r*" 
c*nce* tee Ilia! eef tin* vapor and its variation witli iin*n*aH™ 
ing pressure ami temperature no Icmger m*gligibh*. 

If a (Fig. liloi roprc,:^cnl tht*siat.u pennt eef tin* supta*- 
lH*ale*d (Itg vapeer at the pressure amt te*mpe*nitun* 
imdc*r consitlernfion, isotlii*rmal compn*HHi{5n will fail lei 
produce comlensatioiu atlhougli ceioling at constant pres- 
Huri* will prodina* liifueficiiticen ns soem as e’ is reached. 

* Hiis difigrimi m mily ii|»prti\iiimtcly c*eirrt*c't, hi*iitg hnsinl 
UfMiti flisrrt’pniit clnta givf*ii hy Amitgai, Ucgnnuli, 

lun! Zciianr. 
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The ordinary gases, hydrogen, oxygen, nitrogen, etc., 
have their critical points as much below ordinary 



them. 
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Super!loat0(1 at ordinary t(‘inp(‘raturoH could 

beliciuofu'd isothonually Ih-cuuso its toiupf'raturo is less 
than that of tlio orith'al point; carhonic dioxide at 
)rdinary atinosphoric toniporaturoH could also {trdinarily 
be li(iu('fiod iaothonnally liocauso the usual atmospheric 
temperature is less than .'il.tPt'. (Kt).*!*’F.); hydrogt'n, 
)xygen, (do., cannot he li(iuefied isotherinally simply 
•)eoause tlie atmospheric temp<*rature is far alnive 
their critical teiuperatures. The (•ssential factor in 
itjucfaction, then, is to reduce the tempcratun* and then 
(imply to compre'as the gas isotherinally until luiue- 
‘action commences. 

Suppost' it is de.sir(‘d to liipiefy some carlHui dioxide 
(ome summer day when tli(> temperatur(> of tlie atmos- 
)licr(‘ is above its critical temixu'ature. l.et the com- 
in'ssion lx* carrital on slowly, so that tin* heat gimcrated 
nay he dissipated hy radiation and the process Ihi 
K othermal. hiiiucfuction will not (tccur. It will he 
aeccasary to cool the gas down to tlu‘ critical ti'inpi'ra- 
.un( hy Hom<‘ means, physical or chemical. Possibly 
L coil containing cold water will suffice in this case, 
Proceeding to other substances jHt.sMwing lower ami 
owcr critical temperatures, cooling mixtures giving 
owcr and lower tempt'rafure would l>e rcijuired. That 
H, by this method it would m*ver !«• |«)Hsibl<* to litjuefy 
my substance, Iniwever great the pr(*ssure appliwl, 
mless there already existed some source of cold as 
ow as its critical temjfierature. When the '‘}tennanent" 
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gases are reached the sources of artificial cold fail, and 
unless the gas may be made to cool itself investigation 
must cease. Any new gas thus liquefied of course in 
turn becomes a new source of cold to aid in further 
investigation. 

Let Fig. 106 represent the T ^-diagram of some gas 
having a low critical temperature. Consider the 



throttling-curve ahc. By definition this represents an 
adiabatic change,during which no work is performed; i.e., 
the total energy contained in the substance is a constant. 
For this curve the first law of thermodynamics gives 

/y 2 y 2\ 

which becomes 


Ei-E2=PiVi-p^Vi; 
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that is, the curve represents an irreversible constant 
energy process in the case of all substances and differs 
but slightly from an isodynamic for ordinary gases. 

Now, the internal energy of any substance is defined 
as the summation of the sensible heat and the dis- 
gregation work, or the kinetic energy of the molecules 
due to their own vibrations plus the potential energy 
due to their mutual positions. Representing these 
quantities by S and I respectively, it follows that 
Si +I 1 -S 2 -h = Vi'02 

The work necessary to separate the molecules against 
their mutual attraction must increase with the distance 
between them although the rate of increase is inversely 
as the square of the distance between them. 

As the volume increases the value of I increases 
and hence the value of 8 must decrease an amoxmt 
equal to 

l2-h+P2V3-PlVi; 

that is, the temperature of the substance decreases.* 
With increasing volume the rate of temperature drop 
decreases so that the curve abc approaches T= const, 
as an asymptote. Near the saturation curve, in the 
region of the “superheated” vapors, this drop is con¬ 
siderable, but far to the right of this curve and above 
the critical temperatures these “throttling” curves 
beconae almost parallel to the <;5-axis. The “perfect 

*For hydrogen at ordinary temperatures P2^2—Pl^i is negative 
and greater than I2—Iv temperature increases. 
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gas” is simply the limiting condition in which the 
potential energy has attained its maximum value, or 
rather where any limited change in volume does not 
affect the total value of I appreciably. 

In such a case 

E,=E„ 

and 81 + 1 ^= 82 + 1 ^; 

that is, the disgregation change being negligible, the 
isodynamic curves become coincident with the iso¬ 
thermals. 

In Mg. 106 let a^, a^, etc., represent a series of such 
throttling-curves. Let a pound of air be taken from 
its initial condition P (representing atmospheric pres¬ 
sure and temperature) and be compressed isothermally 
to 1. This, may be effected by jacketing the cylinder 
walls of the compressor with cold water. If the air 
is then permitted to expand along the throttling-curve 
Oi, the temperature, will drop, say, from 1 to 2. The 
air at reduced pressure is fed back to some interme¬ 
diate stage of the compressor. In some forms of lique- 
fiers the expansion is carried at once down to atmos¬ 
pheric pressure, thus securing a somewhat greater drop 
in temperature, hnd the air is then returned to the 
first stage of the compressor. If this cooled, expanded 
air be made to flow back outside the pipe containing 
more air from the compressor, this in turn will be 
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cooled by cntidiu'tinit tu suiue luwt*r tfniiH‘niturt‘ and 
so will (‘Keape frum t!»‘ thruttliiif; vjilvt* at presHure p, 
at some lower teniperuture (3). 'I'Iuk will now expand 
along the throttling etirve a.^ to a t<till lower t«‘mpera- 
ture (4). Thif* pmeei^a i« eontimied until the teni[>em- 
turo of the ifSHtiing jtd has fallen Ih*1(»w the eritieal 
teinix'ratun', when liiiuefaetittn will ensue. 

This will evidently ««*eur tirat in the n«»zzle, jus tlu» 
teinpenitutt' oulsitte will need ti> In* atill furthiT de- 
ereaaed before the air will remain litiUwJ at tlw* reduced 
pressure. The vaporization ttf the litjuid fimt formed 
tends to decrease still furtlier the lemjH'rature of the 
air-tubes, etc. It is pwibablt! that at first all of this 
liquid valorizes as s<«iu jus ejeedsi, but the* vaporiza¬ 
tion of part swtn rtads down the re.st and it.s surround- 
ings, .so that a small ptirtion remaijis lapiid jd the 
lower presHure. 'I'lse Itjirk pressure nuiy thtw in time 
be redueed to that al P and then the temjHTature will 
Ik^ fouml at which air vajjorizes at atm<»<pheric pre«- 
sure. 

The expansion of tin* air thus provides in itwlf the 
cooling prcjcess jicisled to retluce the t«mjH*rature 
below thi‘ criticjkl point, mo that sutficM'ut increase of 
pressure nay caust* lit|uefacfioii. 


CHAPTER XVL 


APPLICATION OF THE TEMPERATURE-ENTROPY DIA¬ 
GRAM TO AIR-COMPRESSORS AND AIR-MOTORS. 

The Reversed, Power-absorbing, Thermodynamic Pro¬ 
cesses.— In the direct power producing thermody' 
namic processes already considered, whether the simple 
theoretically perfect Carnot cycle, or the various prac¬ 
tical cycles such as the Rankine cycle for saturated 
and superheated vapors, or the Ericsson and Stirling 
cycles for air, or the Otto, Joule or Diesel cycles for 
internal-combustion engines, the fundamental principle 
of operation is the same; namely, during the expan¬ 
sion of the working fluid heat is absorbed at highest 
possible temperatures, and during the compressive 
stroke heat is rejected at the lowest possible tempera¬ 
tures, the difference between the amount of heat 
absorbed and the heat rejected being transformed into 
mechanical energy. 

In all of these processes the amount of work produced 
by means of the cycle is always much less than the 
energy supplied to the working substance, because a 
necessary condition for the transference of heat into 
mechanical work is a temperature difference. The 
greater this temperature difference the greater the 
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fractional part of the heat which can be transferred 
into work. This temperature difference is therefore 
limited by the range in temperature between that at 
which the heat is supplied and that of the coldest of 
the surrounding bodies, which ordinarily is that of the 
atmosphere or of the cooling water. 

In all these cycles the maximum efficiency seldom 
ranges above 30 per cent, more ordinarily 25 per cent, 
but under exceptional conditions the Carnot efficiency 
may reach 50 per cent. In the actual engine working 
approximately on any of these cycles the fractional part 
of the heat received which is changed into wo'rk is 
naturally considerably less than the fractional part 
theoretically available, due to heat losses of varying 
kinds and magnitude. In other words, we may sum 
up the properties of these cycles as follows: 

Heat is taken in at high temperature; a portion of 
this heat is changed into work, but most of it is rejected 
as heat at lower temperatures. 

In the reversed power absorbing thermodynamic 
cycles the working fluid is made to traverse its ther¬ 
modynamic history in a reverse direction; namely, 
it takes in heat at low temperatures while expanding, 
is then compressed and gives out heat at high tempera¬ 
tures, the power required to perform this compression 
being equal to the power which in the direct cycle is 
produced by the expansion of the working fluid. 

In the usual definition for efficiency the efficiency 
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is stated as output divided by input. For the direct 
cycles this magnitude is always less than unity^ but for 
the indirect cycles its value^ theoretically at least; is 
always greater than unity, although in the actual 
working mechanism heat and friction losses may 
serve to reduce it to practically unity, and sometimes 
even less. 

As we analyze this reversed cycle we find that the 
output may be of two different kinds, i.e., the cycle 
may be utilized to remove heat at low temperatures 
from some confined space (as for example the ordinary 
refrigerating machinery), or may be utilized to deliver 
heat at high temperatures to some confined space, as 
in the ordinary heating and ventilating systems. In 
both of these cases the input represents the work 
required to drive the compressor, the output, however, 
corresponds in the first case to the exhaust heat of the 
direct cycle, and in the second case to the h^.at received 
in the direct cycle. Thus, for example, in the use of 
steam, the efficiency of the Rankine cycle under ordinary 
conditions is approximately 20 per cent. Therefore 
the exhaust heat represents 80 per cent of the total 
heat available for supply to the engine. In other 
words, the exhaust heat is four times the magnitude 
of the utilized heat. Therefore in the reversed cycle, 
if we consider the cooling effect as useful output, it is 
evident that this cooling effect is four times the mag¬ 
nitude of the force required to drive the compressor, 
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while if we eeiisiilt‘r tlu^ (‘UVet of the exhaust 

si(‘ain at high ti‘Ui|>erature, if wont! hav(‘ fiv(^ times 
th(‘ magnitude of the powm- ivtiuirtHl to drive' the eom- 
prtsssor. Again tlit' sued ion ol tlu‘ eonipresssor luiglit 
be us(h1 for n‘frigc*ration and lt< tlisedmrgc' for h(‘a.ting, 
and in sucdi a ease Iht' tdTeefive thermal output or 
usc'ful tdhui would be nine liint's that nMiuinal to 
drive tlu^ eompre»or. 

A third um‘ of the emupressor is llie produetion of 
gas under high tejisi^tn bu' future usi* in pouau’ produe- 
tinn, physinil experiinmifatioiu and imlusfrial use*. 

The Compressor, In all f*f tlii'si* systems tlie eom- 
pnsscjr plays an essential part, and it is f!ten*fon' well 
to maki‘ a study «»t the etunpressor eyede firsts Indore 
entering into t!ie details uf the ditlVrenf eyedes emhcidy- 
ing this n*versef! prtir»->.-.. llio eompresstu* is nailly 
an engine <!riviit bnsk\\ard. with all of its parts, vnlvt' 
gdirs, eti’., openiiiiiv ill a o-verno ordiix Tlu' usual 
eyrie of opt*ratioii is something as follows's: 

(’onsidt*r the pi'-ioii to be at tht^ ftt*giotning uf the 
stroke; li efilaiii sinatl t|Uaiitify of air is eoinprt'ssi'd 
in the tdeanmee spins* tinder the pressiin* prevailing in 
tlie fielivery pipe. Am tin* piston iimviss forward this 
elciininee air exjtaials beliiinl it iiiifil the pressure has 
deereiisetl sliglitty bdi»w that in the siirtioii pipe. 
Tlie sniiill diflimuiee of prfS's--iire iheii prevailing hetwemi 
the suet ion jii|ie aiel the iiisidt* nf the eyliiider sufliriss 
ttj lift till* siiefiiiit off its M*nt iigiiiiist the spring 
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which usually holds it. As the piston continues to 
move forward new air will rush in behind it to the end 
of the stroke. It is quite possible that the inertia 
of the air in the suction pipe will be such that even after 
the piston slows down at the end of the stroke the air 
win continue to rush into the cylindcrj and may oven 
bring the pressure in the cylinder up to that prevailing 
in the suction pipe. The admission valve now closes 
under the action of the spring. As the piston starts 



to retrace its motion it crowds the air ahead of it into 
the further end of the cylinder, so that the pnissurc 
continuaHy rises until it reaches such a magnitiulc 
as to slightly exceed that in the delivery pipe; when 
the small difference of pressure thus created suffices 
to life the discharge valve from its scat, and then during 
the rest of the stroke the air will be delivered into the 
discharge pipe. This cycle repeats itself indefinitely. 
Referring to Fig. 107, the cycle is as follows: From a to 
d the gas (or vapor) in the clearance space expands 
until the pressure at d falls sufficiently below that in 
the supply pipe to permit the admission valve to open 
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:iii7 

admit a nvw sui»jd\* fmm tl to <•, On iho rrtiirii 
kt‘j tlu‘ tmtiro <|tiaatity is {•t»iiiprt‘SM‘d uloiii: cdi, 
.1 tlu‘ prassura htsaant's >iiirH’iia!{ to lift iho rflra’^** 
’Cj wluai ilisc‘har*to inamrs from /» to a ajaiiii’l tin* 
vr prasstin*, TIh' iudii’ahiro'ard ihii"* I In* 

rt^ avcdt' of tlia alaaranar hut only oita porfit»ii. 
acaaprassion, of that oi iha aliarya. lln* i*\pait ioii 
(‘ompn‘ssion of a lais in a ayliiidm* i-. iiiorr iiaar!\ 
ihaTa* tlum tliat of a MitnniUst vapo!\ and liaiira. 
du‘ (amparaltira of ilia gii’H at llia ainl t*f iidliii^-'‘:doit 
nearly Ilia! axlntiiii.!: at tlia an*! of i*\jiaiisioin 
>niision and <*oiiipr*s»>4<»ii f»f flu* in l!ia alr'firanao 
c*f* may ha aoiistdii*ail lo iiaillnili/i* aaati iftli* r 
rmodytiainiaally: alllioiiidi inaaliiiiiiaalh lha nri'af* r 
alaaranaa t!ia yraatti’ llta :;i/.a <4' tip* 

V to c’onipn*>s a yivaii niiioiinf of ,!‘a llioii-nno 
tlisiaissiou t»f tin* allVrlN of rlraraiiar val! i»- 
tha prc‘aant. 

I )nnn^ tla* a\paiisioii of iha alaantfira air itia! flu* 
upn^ssion of Ilia tola! alia.ryi% tha haat iiilara|jaii|..ta'> 
wvm air and a)‘!iiidi-r walk im* .hiiiiilirr liiaii 

* aoiTaspoiiftdiaii|4t*s hat h am tha sli'nlii iiinl 

tindar walls in «ii|dtias, i,r., tha ojiariitiuiia 

* aciir!y adiiihatir. If nliiiosjtharia air iiarr ?4iiijiiy 
nixtura of oxyp/ii iiiid iiilrof^aii liti* t‘i|iiti!iuii of siiaii 
eompraAMitai or t‘Xj»aiisi<*ii would Im |#i*****'‘*- i\ imi 
c* to tlia faat tlifit It rarfitiii iiiiioiiiif of ifiisisiitrr 
ithvavs prasaiii in tha ntr tin* vidin* of tip- i'\jioia*fii 
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is somewhat different. Thus diatomic gases, as iV’ 2 , 
H 2 , O 2 , etc., possess a ratio of specific heats 

p 

— = 1.4, approximately, 

but as the complexity of the molecular composition 
increases the value of this ratio decreases. Thus for 
superheated H 2 O the value is approximately 1.31 to 
1.33, so that the mixture of atmospheric air and super¬ 
heated water vapor gives a value of this ratio which 
is something less than 1.4. It is of course evident 
.that this theoretical value is not actually realized 
in the air compressor cycle, because certain heat inter¬ 
changes must inevitably ta.ke place, so that in place of 
adiabatic compression the compression line shows 
slightly decreasing pressures as the volume decreases, 
i.e., decreasing below the values which you would expect 
from adiabatic compression. Nevertheless, the devia¬ 
tion from the true adiabatic compression is so small 
that most engineers consider any marked deviation 
to be indicative of leakage rather than of thermal 
interchanges. 

In case the compressor forms part of a heating engine 
the increase in the temperature during compression is an 
essential feature, and every effort should be made to pre¬ 
vent loss of temperature through external radiation and 
conduction, but if the temperature at which the heat 
is delivered is of no importance and the total value of 
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the operation eoasists t‘itlu‘r in removing heat for 
refrigerativc* purpost‘s uv in storing up eompn^ssed 
fluids for futun^ powrr purpciKt^*^, tlir work rcMiuinMl 
for adiabatic* ecanpnssioa n*pn\st‘nts a ivixl loss, iKaauise 
the same* result eould tliooriUieally Ih‘ aca'omplisluHl 
by isothcaanal eonipn^ssion to tlu* uppea* |)rossun* limit. 
Thus, in tho taise cjf air-eumpressors supplying air for 
air-motom sueh as roel^drills, flu* hot air thdivcu’tal 
by tlic* eoinprt'ssor must, during its transmission through 
the* pipt‘-liiHu he reduecH! in tomprruture in tlmt of tlui 
surrounding atiiic»split‘re and tlau'efon* tht* air ocauipic^s, 
at tlu‘ pipt*dine pressiiriu tlinl volume wliieli it woidd 
attain proviited it iiiMlerueiit iMilhermnl caunprc'ssion 
fnan flu* initial c'oiidiliofi, and therefore the diUVrenca^ 
Indwc'cm tlie work of 4atlinbatie eoiupre.-sion and flu^ 
work t)f isotlitu’iiint etimpne. 'ion n^presents us(di\sH 
(‘xpcmclituri* of power. 

In order to olitnin in a lunfor power cs|ual to that 
rtHfuinMl for efiiiipre/situn it would !«* neeessary to 
pre-ht*al the iitr up to thr final ftunpernliire of eom- 
pn%sion l«‘rore it enferei! llii» Arlually witlioiit 

predu^adiig flu* e\paitsifi?i of the air tii the motor cmols 
the teniperntiire of the exliatinf to sueh ii point that, 
[he walc*renlmints! in the aiitiosplitm* frequently fre<‘xes 
In the t'xliauHi ports. 

In Fig. ItIH, let aft nnd m represent isotlieriiial and 
frirtionleas adiahalit* faiinpression respe:i ively from 
some lower pn^ssiire iq to it higher pr»*shure If the 
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temperature of the cooliiift wah-r is the same as that 
of the atmosphere, the minimum iK)ssil)l(^ (ixpcmditure 
of work in compressing; from a to h ('(pials that nmk'r 

the isothermal ah, or If, ho\v('V(>r, the 

t b 



compression is adiabatic it will be lUM^^ssary for the 
delivered air to contract at constant pnsssun*, losing 
by conduction and radiation thc^ lu‘at That 

jfe— 1 

is, the work (p ) Iterformed upon the 

gas during compression, as shown nndta- ac, and the 
work ‘Pb(i'c—vi,) during contraction in tlu' storages tubes 
or coil, as shown by ch in tlui pr-diagram. 'The wasted 
work is thus shown by llu! area ahr, and has the 
value 
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f— yA ^ -1 \ piAi\. -n) /)„>’„ log.. 

k-l \pJ J P<‘ 

.. r; 1 C'"') * 1 

p.,v,t logr 


/A-irr.]!}' 1 A'W; 

fC ’■■ '1 * ii 


In ihi) Ttytlhi^viini ihv miniimitit iitiiiniiif tif lti»iii 
rc'jcH’lcHl is shtnvii uiidi*r alh wltilt* that rf\|f*rtt*ii litiriiig 
contrarf ioii at (‘tju^faiit pri‘ssuri* adiitliiifir rniii 

pressiou w slicnvu un«lrr r/i, tin* hfnt hy thi* 

latter prcK‘c\sH Innng shown hy nrlh If. its leaailly 
tlu' cancy \hn caaniircssion line lies snininvliert* hefweeit 
thoH(‘ two file wn>fed wiirk and heal ttil! he 

repreHeniiHl liy Htaiu* suidi area m mllh 

If the ennling wafer h relder tfinii flit^ iifiiKiHjiliere, 
it ISy thcH)rc*tirally at least, pessihle tn retliiee ftie iienee 
sary work hy cnnliiii^ the iaileriii^ giia iit ruiistaiif 
pnwun^ frnm a to it\ efi!ii|iressiii|^ isfitlieriiinlty to 
and thtni penuitfiiig the giis to wnriii tip iif eoiii 4 |iiiil 
volume hy taking lti*ai from the at 111014} 
work performed and the lien! r*'ji*eted during eoiii- 
prenniou an* rf‘prr*sf*nted hy tin* areiis imdi^r idl/ hi the 
two cliagraiuH, and the work Ha%a*d hy mdl/li. If tlm 
eompreHHion from r/ in ahing the mliiihiitie nV^ the 
saving over that, along #ie h slnavn hy the iireii iiihrhr. 

It is not possitile In eool tin* hot giis vf»rv iiiitrli Iiy 
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jacketing, but the waste work may be reduced by 
dividing the compression into two or more stages and 
cooling the gas in intermediate coolers to the initial 
temperature. 

Thus suppose the compression to follow the law 
PjVj^==P 2 V 2 '^j and to be represented by the curve ac in 
Fig. 109. Instead of completing the compression in one 
cylinder, stop at some intermediate pressure p^j at d, 



and cool under constant pressure to e. Continue the 
compression in a second cylinder along ef, and finally 
cool at constant pressure along /6. The wasted work 
or the heat ejected is no longer represented by the 
whole of ahcj but by the two portions ade and efh; 
that is, the work or heat saved by compounding is 
represented by the area cdef. From the diagram it is 
at once evident that this area approaches zero as p^ 
approaches either p^ or ps? and that there is some inter- 
rrcdiate position which gives the ma dm ^ ‘ ‘T "he 
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proper value of is easily found from the expression 
for work 




n-l n—1 

Px\ « , ” 


-]■ 


This expression has its minimum value when 


A.' 

dpx Pi 


n—l n—1 


h] ” 
PxJ 


) +[tf = 0 . 


i.e., when pi: px=Pz- Pz, or = 

Fig. 110 shows similar diagrams for a three-stage 
compressor with intercoolers. The saving thus intro¬ 
duced is shown by the irregular-shaped figure defghc. 
This again varies in magnitude with the values of 


Fig. 110. 

Pj, and py, and in a manner similar to the above may 
be shown to have i'.s maximum value w^hen 

Pi :px = Px :pu=Vv ■ P2, 
or Px='^PiPz and py='^Pip/. 


314 THE TEMPERATURE-ENTROPY DIAGRAM. 

Naturally the greater part of the saving is obtained 
by the use of one extra cylinder, the gain from successive 
extra cylinders becoming correspondingly smaller. 

Taylor Hydraulic Air-compressor. — To make the 
compression line coincide with the isothermal through¬ 
out, would require an indefinite number of stages, 
but as the introduction of each new stage increases 
the total friction loss of the compressor the number 
of stages actually feasible is limited to three, or possibly 
four. There is, however, one type of compressor 
essentially simple in construction which realizes almost 
l)erfectly this ideal condition. This is what is known 
as the Taylor hydraxilic air-compressor, consisting 
mainly of a well, sunk at some point where a drop of 
water is available, as at any waterfall, and containing 
a submerged bell-shaped chamber which is connected 
through the top by a pipe-line leading to the upper 
level of the water, this pipe-line extending downward 
in the bell part way from the top. Water from the 
upper level flows through this pipe into the bell, keeping 
the lower end of the pipe submerged. 

To introduce the compressive feature there is a series 
of small tubes with the lower ends inserted in the water 
entering the top of this tube. The rush of the water 
serves to draw bubbles of air down through these 
tubes, which bubbles are caught in the descending 
water and carried downward into the bell. Here the 
stream is deflected by horizontal aprons, thus giving 
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the air a chance to separate from the water by gravity; 
the air collecting in the top of the bell, the water passing 
out underneath the lower edge of the bell up around 
the entire mechanism to the lower level of the fall. 
By this means the air in the top of the bell is subjected 
to a pressure equal to the weight of water correspond¬ 
ing to the head, measured from the top of the water 
in the submerged bell up to the lower level of the water 
at the fall. It is evident that the energy input of this 
compressor is equal to the weight of Avater passing 
through the tube, multiplied by the height of the water¬ 
fall. The useful output, on the other hand, is repre¬ 
sented by the work necessary to compress the actual 
quantity of air delivered isothermally from atmospheric 
pressure to the pressure prevailing in the submerged 
bell. Evidently to obtain a maximum efficiency the 
in-rush of air should be so n^gulatcd that the maximum 
quantity of air possible should be carried down by the 
water. The actual loss in this instrument is occasioned 
by the buoyancy effect due to gravity. The air particles 
as they pass down through the tube are subjected to 
ever greater pressures, decrease in volume, and thereby 
assume greater density, so that the buoyancy effect 
diminishes as they descend in the tube. The buoyancy 
effect, however, tends to make the bubbles move upward 
relatively to the falling water, so that part of the work 
already accomplished in moving them downward is 
wasted by this retrograde action. 
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The Influence of the Clearance Space.—Returning 
once more to the piston compressor it is next necessary 
to consider the effect of the clearance space. As we 
have seen, the air under high pressure, stored in the 
clearance space at the beginning of the strob?, expands 
as the piston moves outward, and fills a certain portion 
of the piston displacement, thereby decreasing the 
space actually available for new air during the sue don 
stroke. In other words, the actual effective displace¬ 
ment of a compressor is less than its apparent displace¬ 
ment, as determined from its dimensions and length 
of stroke. The ratio of the actual displacement to the 
apparent displacement is known as the displacement 
efficiency of the compressor. Sometimes the actual 
air delivered per cycle divided by the apparent dis¬ 
placement is also called displacement efficiency, but 
as this ratio also includes the effect of leakage by the 
piston and valves its use should be avoided. It is 
better to have separate ratios: one defining the influence 
of the clearance, the other the effect of leakage upon 
the delivered air. Therefore, in calculating the size 
of the compressor to perform a stated amount of work 
so as to -deliver a definite volume of free air, the piston 
displacement calculated directly from the volume of the 
air to be compressed and delivered must be divided by 
this displacement efficiency in order to obtain the actual 
piston displacement. The power required to drive 
the actual compressor (neglecting friction losses) is 
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the sarn(‘ as power lliaf would 1 h‘ nMjuired to drive' 
a eoiupu'ssor havin|.t no i'lt^arantH' spaec', Ix'e'ausc', as tlu' 
lu'al interehan*,!:^ is small Ix'twtH'u air and eylind(‘r 
walls, f lu' t'Xpansion nn«l eiaiiprossion line's are' prax'tie'ally 
the' sanu'j so that tlit* t‘\lra wen’k re'eiuireHl to eeanpre'ss 
this elc'aranc'i' air is returne'd Uy e'xpansion of the air 
during the' sued ion slrcikea 

If X the' iiu're'ase* in vcdiime tif the' (‘It'anuu'e air elur- 
inge'Xpansitm frean de'live'ry ipA to suction [pi) prc'ssure', 
anel n the* c*xponoiit tif thi' exjiansion curve', while' ( 1. 
and IMh n'presemt the' Volunio e)f the' cleairanee' aeal 
piston displace'iiu'iit rpspreiivtdy, tlwrc exists the 
simple' re'lation 

/ad1. ? xV 


whe'UC'e^ 


I 



Krean this it feilltavs that tlio ue'tual displaei'me'nt 
e'efualH 

IMh .r 


M1. 




.Cl 


Tlu' displiwcaiieiit elfieleiicy IhilH hiTome'S ecjual to 
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Determination of the Clearance of an Air-compressor 
from the Indicator Card.—(a) It may be assumed 
without much error that the values of the exponent 



n for the expansion and compression curves are the 
same. Let these curves be intersected by any two 
straight lines parallel to the atmospheric line in the 
points 3 and 4 and 1 and 2, respectively (in Fig. 
Ill the atmospheric line is utilized), so that p 3 =pi 
and P 4 =P 2 . Determine Vi, V 2 , Vs, and in per cent, 
of the piston displacement, and let c represent the 
volume of the unknown clearance in per cent, of the 
piston displacement. 

Then 

Pi(c+Vi)”=P 2 (C'^-V 2 )» and P3{c+V3)"<='pi{c+V4)^, 
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wliciice 

c-Mu r-l-r’2 


C i i’3 C 1 l\ 

or 

r'p'-.i-i'in 


i'l 1 r.i r- ' 


As ncithiT p nor ii cnti'i- iuU) the valium of c, neither 
tlie scale of lla* hulieator spring; nor the actual law 
of expaiu^ion niul compression neml to he known. 

As till' percentaj'e errors are much larger in tlie detcr- 
miualion of I'a and c., than in i’l and t'->, the accuracy 
of tlie method may he increased hy assuming a prob¬ 
able value for the elearani'c and adding thi.-. to vi, 
a., r't, and c<. 'I'lie resulting value of c thus obtained 
will he not the elenraiiee itself, hut the dilTi'reiiee. be¬ 
tween the actual and assumed value, and may be 
either positive or negati\*e aemuding to the luioi in 
the assumption. 

(b) When, as is usually the ease, the scale of the 
card is known greater aceumey jnay he. attained by 
using only the eompresHion line. Intersi'ct the curve 
at Pi and fl-lso at pa and pi^lps- Dctor- 

niine the corresiauiding volumeH Vi, vu, Vz, and V4^ 

I’heu 

pi(c { ri)" P’iO' I t'a)’', 

" \e \ tuj ’ 

p;»(c i ea)” /»^(e 1 


and 
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or 

whence 


^ VC + t)3/ ’ 
V1V4. — V2VZ 
V2 + Vz — Vi — vi 


Actual Air-compressor Indicator Cards.—Fig. Ill 
shows indicator cards from the two cylinders of a 
small single-stage air-comprcssor in the laboratories 
of the Institute. In the lower card the discharge- 
valve was functioning properly, in the upper card it 
opeiu'd and closed spasmodically. The admission- 
ports of the lower card offered more resistance than 
(hose in the upper card, as shown by the dropping 
suction line. 

The iiidicator card does not represent a closed cycle, 
and hence if projected into the y^-plane orily por¬ 
tions of it have any significance, namely, the com¬ 
pression and e.xpansion lines and the enclosed area. 
It. is, howc'ver, instructive to study the compression 
liiu‘, as this gives some clue to the effectiveness of the 
jac.k(d.ing. In any case, the compression line should not 
deviate much from the adiabatic. The presence of a 
large d(!viat.ion is indicative of a leak instead of a 
heat interchange. 

Various Efficiencies.—As we have seen, part of the 
work of compression is, as far as useful output is con- 
cernt'd, wash'd ('iicrgy, so that it has biH'ome c.ustomary 
to cousider thii powi'r ri'iiuired for isoth('nnal compres- 
.siou of tiu! air to rctircscnt the use.ful output of the 
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(‘ompn^ssor himI t«) <h‘iitu‘ tlu‘ ratio of tlfrs isotli('nnal 
work to (1 h‘ nc’tual work as tho air (‘ffiricau'y, 

or soin(^tii!U‘S as r«anpn*ssor (‘flicicairv. in th(‘ rase 
of the uk‘al t!it‘ air t‘fli{*ioney woultl (a|ual tlu^ 

ratia af tkt' is<»tlienual work to tlu‘ ailial)atie work 
for lilt' propta* nuinkrr -*ta^i:«>. 

Usually sutii taaniu'o.ssor.N nro ilrivtai cillua* by dina*!. 
romuadatl niatars or >teuin i‘fty:in(s:, tu* an* 1 h'1((m1 (o 
suc'h nuitars. Hiort* i> ii>iially no altcanpl made* to 
s(‘parate tlu‘ fn^iian 1 osm*n in .su(*h eonil)iiH*d units 
of tlie uudar and of tla* c*aiujin\H*^or, hut the total 
frieticai k^ss is obtained b\ dotorniinin** tin* diffenaic'e 
in tlu‘ indii’aled powiu* of iht* .’-3(*ain t'vliiiders and the* 
air rylitidcav, and the ineehaiiican! elIleieiH*y tjf sueh a 
unit is chdined as the ratio of tin* indicated air powca* 
to tlu‘ indieatetl >!eaiii poweis C H' fours(‘ in the east* 
of an edetirie iiiofor operatiiii!: .^ujeh a (‘omiu'essor llie 
ellieieiic'y af tlie unit would t«‘ ropresfaded by the ratic^ 
of th<‘ iiidicaited air power Iti Iht* t^ltadrienl input af 
t!u* Itaiuinais of the natlor. 

The* values of these \:iriuus t*lliei(*nf‘i«‘s acdnally 
attained in priielita* vary lii‘twt‘en vtuy with* Tunits tiue 
to dUIVreni farms of eiiinprossttrs and lla* varying 
degre<*s tjf wtu’kiiinnsliip. the* tlLsplaeaanimi tdlita- 

(mc*y ranges bdweeii 7>^ jM*r ca*nt mal 0I p(*r etait^ Ia\, 
tlu* i‘ffevl af tlie rliiiriiiKa* is tn clcH'reasc* pistan displare- 
nusnt hy 22 Ui !» eeiif of its a.et'UaI value. 

The air ellirieiiey or the enmprtssHitai t*(Iieieney is 
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iiifluomu'tl l)y tuAlon of tlu‘ aiu! dt‘livarv 

ports and also by ihv boat intoirlian^io^. 'Vlu* lu*ai 
losses are gr(‘at(‘r in (‘oniiunuHl than siiiiph* oofnpn\‘^sors 
b(‘causc^ tlio air c*oru(s in (‘ontaot with two {-ylindors 
instead of oiua In etniain of l\n^ bottiw typis (d (^oin™ 
pn'ssors tlu^ valv(‘s are not oporalod by ilifforon(‘o cjf 
))r(‘ssurOj but Iw nundianioal nii^atna In tltt‘so Inttia’ 
(‘oinpn\ssors the throttling loss during: atlmission and 
(‘xliaiistis nnieh tliininishoii. Xuinori«‘ally the oHirit*n(*y 
of eoitipressuHi varies fnun uIhhi! dU to !HI prr roni. On 
pa^t‘ d 71 , Pfiibody, tlit‘ro is a fable yiving tlio valuers 
found in tests tai a viiriety of fonipresoiiN. 

Tlie nieelianic%al efliiaeney of the unit is orilinarily 
in llie neigliborlicHHl of Hd per eenl, biif oerasiunally 
reaches Itiidicr vuhu*s ns, for e\aniphu pa*a* .172, 
l)ot!}% nii*ehanieal efliritaa'y for blowing tiipiiti^s at 
Cnaisot is ipioted at b’i peiMsait. h'rum llit* whIiio^h 
given for l!ie air and ineeliaiiif'al tllieieiieir.s it j:-, 
evitlcad that the total efliidfaiey of tip* coinpre.HNMr imif, 
which may bt‘ iletined a> i;oalita’ina! wurk i»f euiu 
presshai divided Iw the indicated power of the sfiauii 
eyliinh*rs^ ningi^s from III to 7*d p«*r ctiii. 

It is interesting to rompnre the-::i‘ va!iie-i with t!ife?e 
obtainial with hyttraiilic riiiii|irr''e.:iire. rMpiirt,M 

cd tt*s{s made upon the la)‘h»r llydranhc loiiipre»^^otr 
show that the rafht of the isitthfaiiia! woik un flu* nir 
t<i tht* wiitta* wtirk riiiiges from Tiii hi Vo p.^r niif. 
This coiTisspoiitl.H to the filial tdiifiiiiey of a 'Irani- 
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(lriv"(‘n :iir*c<nupn‘ssnr unit aiul shows that t.lu^ r(\siilts 
obtaiiu'd for Taylor (‘oni[n*<‘ssors always (^X(‘(hm 1 llie 
niiuiiuuni valuos of thi‘ st(‘aiu~(lriv(‘n couipn^ssor, and 
usinilly thc‘ valuers wry iu'a.rly (‘(lual the itmximum 
oiK^ obtained wiflt stoaiu drivcai (‘onipn'ssors. I(. is 
of (‘ours(‘ possiblo to ust‘ wa.tca* powca* to opcn'atu a 
watta* turhiiu^ and to roruaa^t. this tiirbiiu^ to a piston 
air-{‘(anpn*ssor. Surh wator furbiiu's raugt‘ in (dllcioiuyv 
frean 20 HO por caaif. If for a l)asis of coinparison 
W(‘ fake* tills iiiaxiniuin ofliricuu’y of tlu* wat(‘r lurbiiu* 
as SO pea* read, aiut uiultiply it by a hi^h vahu* foY the* 
(‘(fic‘ieau‘y tif roi{iprt‘s.Hio!i fsay KO pea* c’c*ut) (his would 
ihve* as the* total e*liitafait*y of a watca* (urlnne* air-ceiiu- 
pre'ssor unit- a, vahio of Oj jua* eaad, whiedi is reaulily 
e‘Xe*eH*dcnl by (lu* d^aylor eaaiij ire*ssor. 

Applications of Compressed Ain (3oiuprt*ss(*d air is 
useul ill ahiiosi all bnine’bos of uuaTanie'al aiul e‘h(*niiead 
eaif^iuiHa’iu«.c, the* scope* of this utilization beanie indic’atcal 
briedly by the* f<i!lo\viii[^ hoadiugs: (1) iMea-hauical Draft, 
Deioliug ToWi*r:s, A'4i aiat (kial ( ouve*yors, (2) Heading 
and Vcaitilatiiig, (3) Air Drying, Luinbea* Drying Kilns, 
<‘le\, (I) Htoe*! Prodiadioii and Manipulation, as Forg(‘s, 
llanniiea’s, Drills, irtvi*torM,of ca, (5) Air Motom anel Itock 
Drills, (0) Kxhitnstfa*s to Prtjmeite* Inealaisenl Spenal of 
h]vaponitioii, i‘!r., (7| Piicumatio ('onvtying HysUans, 
Planing Mill Kxliiuisfors, (K) Hand Blast for (Tiuiing 
Iron, Hitaiia olr.* pJl Paint Blast for I^ainting Bridge*^, 
lu’caght Cars,ofe\, 11(11 PmtipH i»f Initli Displacaaiuait ancl 
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Expansion typo, of wliicli lailtn* tlu^ Pohlo air 1:1*1 In 
good cxampk^, and tlu‘ eoinhination c4 hoili nudlun^j^ 
such as ilu' Starn4.t air pump. 

Types of Compressors. Tlu^si' various appliiadions 
forair [)rossur{Ns varying froin a fraction of an onnco to 
square inch up to possibly t<m pounds to llio squart^ iiuq^ 
In the (‘asc‘ of tlu‘ air-nuHors and for the pnitlucMhui 
liquid air, a,nd sonu^ huv other dcvi(*c\s, nmch higl\(, 
pr(\ssur(js (‘xbauling up to the* hiUHlrctl or thousand,t^ 
st^vcuul tlunisands, of pounds to the* sqtmri' inch ur 
nuiuircHl, To produta^ air (»f such varying prissiip, 
a variety of m(H‘ha.nisins has Inaai d<‘visod. For lo\ 
pr(‘ssuros (‘xtcaiding up to one ounce or less pea* inch, 
disk or i)ropell(‘r fan running at slow spe(‘«l will handl 
largo volunuts of air at small cost. For pressures up to oi| 
pound pea* s(iiiaroineh cerntrifuga.! fan lilowtu’s cousis(i|| 
of st(H'I vvluH'ls running'at high speeils in ccawcsHl casing 
will handlt' larg(‘ V(4unu^s of air at c‘oniparatively suia 
cost. In both th(*si‘ l\qH‘s <4* fans then* is always tli 
possibility for air to Ivnk buck from llit* delivery si<le | 
tho suction side* througli the* c*learanee space, su that fi 
highcT pn‘ssun‘H some more positive ai*tit»n tir iiiecliiii 
ism must be* ulili^cMl, Thus for pressure-- ranging to lo 
pounds wc,^ have* a rotary type of lilcnver exhausti 
engine which consists essc*ntia!!y of iwfi gearetl 
so intcnnc‘sirmg that on llu* upward stroke or iiioiioii n 
m earranl forward iH^iwcam flu* feetlqbiit on tin* dmr 
ward stroke* the*, tooth intfumosliiiig previmt the esciij 
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c)f tlu‘ uiTj SO thuf it is <lt‘r!vor(Hl into Ihc^ t!is(*harij!^(' J^ipo. 
'riu‘S(‘ hlowti's !uuhII(‘ capacilios anywlu'n^ from 

fiv(' (‘uhi(* fn*{ t<» t»V(‘r 15,{HH) ciilnc* rrt‘l pia* minup^ 

lli(‘ piston compressor is dtsiynt'd (o derivin'air at anv 
pn‘ssur(‘ up to three or four thousand pounds p(u* siiuau' 
iiK'h. d'lu* l’a\lor hy<lrauhc caauprt'ssor o{*cupit\s a 
uni(fnc‘ positiem \n that it attaitis most clost‘ly to isotlun*- 
nial (‘ompressicui. It is t*npahle <»f supplyiu<^ larg(‘ vol¬ 
umes of air at onlinary canimuaTial prt‘ssur(‘s. 

Use of Compressed Air for Pumping. As a simplcA 
c*conomi<*ah ami n*iiahle powtu* for pumping purpost^s, 
c‘ompn\ssc*cl air for iiiaiiy iippliealhms enmiot In* sur- 
|)ass(sl. The ordinary types of air pumps fall uiuhu- t-wo 
ptaieral hi^adinys, ill I lio-*e using tht» pressure <4* tlu‘ air 
aloiH^ to displnet* water from a suilahh* cduimher, (2) 
thos(» using i!i*‘ t‘\pam'ive force of the air l»y iutiuiuing- 
liug it with the tsiluiiiii of a.secutding water, as in tlu* 
Pt»hle air lift. Tltt'fe i-. n third type* \vhit‘h is r(‘ally a 
cumhiiiatitai t»f lliese two, a good illustration being tlu* 
Starrc'tt pump. 

In flu* dispiacemeiil type of pumps tlu* compri*ss(*d air 
Ls led into tlu* teip i»f the punip c*|iamlM’r imd tlu* wait(*r 
is forccil tail l!iriin!4i ii pipe from tlu* iMdfeau. \VIu‘n 
the wsalt*!’ is eomplefely displaet*d tlu* supply of air Is 
shut olT and the air in the cliaiiiber \> eitluT i*xhauHtc*d 
to the atniosplui’e or in some types is fed hac‘k duritig 
tlu* siu*!ion stroke of flu* f*ofiiprt*ssor. The w'eiglit s)f 
\ :fei in thi* ilelivery pipi* tdoses the elieek valve* and 
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prevents water flowing back into the chamber. The 
decrease in pressure in the chamber, however, permits 
water to enter through an admission pipe either under 
the influence of gravity (in case the chamber is sub¬ 
merged) or imder the influence of atmospheric pressure 
in case the air pi^essure is reduced by drawing it into a 
compressor. 

Ordinarily such pumps are made with two cylinders, 
so that one is discharging while the other is filling, thus 
giving a fairly constant delivery of the water. Such a 
method of pumping utilizes simply the direct pressure of 
the air and fails to utilize any of its expansive force or 
internal energy. The economy obtained by such„ a 
method must be comparable with that obtained in 
direct-acting steam pumps where the steam is used non- 
expansively. 

The Pohl€ Air Lift consists of two tubes, one a large 
tube with a bell-shaped enlargement at the bottom, sub¬ 
merged to a considerable extent in the well from which 
water is to be pumped. The other is a small pipe for 
supplying the compressed air which it delivers under¬ 
neath the bell-shaped opening of the larger tube. The 
result is that the compressed air rising upward under the 
influence of gravity tends to carry with it slugs of water. 
We have thus in this tube a rising column of alternating 
layers of water and air, or a column of water interspersed 
with numerous air bubbles. This results in a dimin¬ 
ished dehsity of the combined mass, so that the weight 



AI[{-( 'OMPRESSUIiS AND AIR-MOTORS. 


327 


of water outside tlu- pipe will halanec' a considerably 
higher head of this mixture inside tlu- lulio. The greatcu- 
the height- to which the water niiisl be raised the less the 
density of lli(‘ mixtun' in the tul)e. It is to be noticed 
that this P<ihle air lift is simply the reverse of (lu‘ Taylor 
air-coniprcssor. 'rhus, as the !nd»l)les rise in llu' pijjo, 
they are sul)jeeted to ever decreasing pressun*, nanielv, 
the weight of the water above them, and tlu-refon' ex¬ 
pand. The temlt'ncy to cool, due to expansion, is offsc't 
by the ra[ii<l interchange of heat from tht* wattu- to the 
air, due to the intimate mixture. The expansion (*f the 
air is thendon* practically isothermal, and tlu* work 
developed is thus the maximum which could po.s,sibly 
be attained without the u.se of an extc-rnal scain’e of 
heat. The siuirces of loss in this pump are tl),in the 
ab,sorption of air by uatm- .so Dial the whole of the air 
supplied cannot be utilizeil for pumping purposes, and 
(2), in the fact tlial water from the Ixittom of one slug 
tends to leak downwuril to the top of the one following, 
Ho'that there is a continual Itnckward Ilow of water down 
the pipe, i.e,, water once lifted falls back and must 1 h' 
pumjH-d up again, thereby wjusting part of the power of 
tlu! air. Kxperiment.s on certain Pohli' air lifts have 
■shown an efliehmcy <tf aluait fit) per cent. 

The Starrett Air Pump utilize.s a combination <!f the 
displacement piutip and the Fohlf* air lift. Rssentially 
it consists of two displacenamt ehaml«‘rs e(uinected to a 
common discharge pijM* and supplied through an auto- 
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iiiatic valve from a common sur pipe'. Oiu' eyliiulcr is 
filling uudc'r ilu‘ influence of gravity, whik' tlu* otlu'r is 
being eini)tie(l by nu'ans of llie eumpressc'il air. By 
means of a rather eomplieaU'tl valve action a portion of 
the air used for (lisplae(!ment escapes into the eolunin of 
ascending water, tiui n-st of it. being discharged directly 
to the air. Tlu; valve also bleeds a e('rtain (inantity of 
compressc'd air directly into the discharge pip(‘. It is 
evident that all the air dis<diargis! to llu' atmosphere 
escape's with its intt'rnal (SK'rgy umitiliist'd, and thero 
foH', fails to give; as good t'eouomy as the air which paases 
into the dc'live'ry pipe. Theon'tii'ally, at lea.sl, such a 
pump cannot have' as high a tlu'rmal e'fHeie'ne'y as the* 
simple PeehU'i air lift. It has, howe*ve'r, certain eifhew 
aelvantage's which in many installations would make it 
more aelveudage'ous than the' I’ohh' air lift, 'rims the' 
Pe)hl6air lift resjnire's that the* pipe- hi* subtnerge-d tei .such 
a distaneio bene-ath the' h'Ve'l of the* watew that the we'ight 
of the water outsiele the tube' shall etverbalatie'e the- 
longer column eif watew and air insiele the* teibe'. In 
other weirels, such a nie'theeel could neit Im* utilizi'd nnh'SH 
the well was sunk far Ih-Iow the leve-l of the- weiteT. 'I'lu' 
Starre'tt pump, em the othew haml, may be placed just 
Lxilow the surface- e)f the- wate-r, !i.s the* water llow.-^ intet it 
under the iidluenee of gravity, and tlu'fe'fejre' <loe‘.s not 
nccel such a de-e-p exe-avation. It Is (luite* po.*.sible that 
the eU'en-e-ase'd e-ost of installation might e)IT.se-l any ther¬ 
mal aelvantages inlu'rc'nt in the' I’ohle air lift, 'bests 
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made upon the Starrett pump installed in the labora¬ 
tories of the Institute have shown efficiencies of about 
fifty per cent, which for some strange reason seem to be 
higher than the efficiencies which are quoted for the 
Pohle air lift. 

There is one interesting feature common to both the 
Pohl4 and the Starrett pump, and that is that during 
the practically isothermal expansion of the air in the 
delivery pipe heat is flowing from the water to the air, 
therefore increasing the work developed by the air; or, 
in other words, part of the heat energy of the water is 
being utilized to help pump it. 

Compressed Air Used as a Source of Power.—^Return¬ 
ing to the first general case where the air is used for 
power, it is necessary first of all to discuss the influence 
of the pipe line wdiich conducts the air from the com¬ 
pressor to the machine to be operated by the compressed 
air, such as a rock-drill, a penumatic riveter, a com¬ 
pressed-air motor, etc. The temperature of the pipe 
may be considered as equal to that of the surrounding 
atmosphere and hence constant. The heat generated 
by friction is thus at once dissipated by conduction, 
and there thus results an isothermal drop'”of pressure 
and increase of volume. 

Thus, if ahede, Fig. 112, represent the passage of the 
air through the compressor, 6/shows the loss experienced 
by the air in flowing from the compressor to the engine. 
Suppose the air at /to expand adiabaticalh’^ in the motor 
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down to back pressure, the amount of work performed 
will be equal to the area under fg in the p'y-diagram. 
The exhaust air is now w^armed to the'initial tempera¬ 
ture along the constant-pressure curve (/a, thus per¬ 



forming upon the atmosphere the work under ga in 
the p 7 ;-plane; and receives from the atmosphere the 
heat under ga in the !r< 56 -plane. The maximum amount 
of work could be obtained from such an engine if the 
expansion were along the isothermal fa. This can be 
partially attained by jacketing with water at atmos¬ 
pheric temperature, so that the actual expansion-curve 
lies somewhere between these two limiting cases, as at 
fg\ A further gain could be made by compounding 
the engine and heating the air up to atmospheric tem¬ 
perature in the intermediate receiver, as indicated by 
fhhla. 

Effect of Pre-heating the Air.—^The amount of work 
theoretically obtainable from a pound of air in a non¬ 
conducting motor is given by the formula: 
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and is tluis shown to In* dirotlly proportional to its ini- 
tidl knnpnriituro. In tho oporiiticjn of motors by com- 
pn'ssc'd air it is thus pt»ssihlc‘ to brina’ ahout a (‘onsld- 
(»rablc savini^ in the anunmt of air requirinl ns W(dl ns 
an irnproveanemt in tin* tliormal idlleicau^y in any givtui 
ease' by tuiuui|j; the air. 

Tins luaitina, or prediealing, ns it is gtmerally tcamnal, 
may 1 m* aecHimplislus! either hy: 

1. Tlu‘ direet applieiition of htmt in some form of eoiu- 
bastion h(‘af<a% or 

2. Tlu* adinixtiire of steam. 

This latter nuiliod may tiiKumlively Ir i*lk*eted by one 
cjf twcj nudhinls, vi/.,, hy blowing steam int(i tlie air main 
or hy passing tla* air through a boiler, in which hiiicv 
operation it lMH*omes heatt^d to the temperature of the 
stciim. 
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Air-motor Economy.—In air-motor work it is custom¬ 
ary to quote the consumption in terms of cubic feet of 
fix'o air per indicated horse-power per hour. This result 
may dm-ivc'.d from the preceding equation as follows; 


Jd)s. of air per I.H.P. hour = - 
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(’ubic feet free air [)er I.Il.P. hour = lbs. airXvol. of 
1 lb. air at atmospheric temperature 
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'riu‘ niaxiimaii air consumption evidently occurs 
\v\m\ tlu‘ air in tlu^ pipe-lino has been cooled to atmos¬ 
pheric temperature, and is eciual to 

eu.ft. per I.H.P. hour. 
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Tlu‘ culnc tor any amount of i)n‘-li('iiting may then 

rp 

l)c (»hlaim‘il by inul(ii>lyin.<; (his result by 7,-,", 

‘ I 

Air-motor Efficiencies. Assuming (he air to he sup¬ 
plied by a single-slage eoinpressor, and (lia,t Ix'fore 
entering (he motor it is etxded to atinosplu'rie t('inper- 



atunytlum (he work <if adinl>a(i<' e<impression would ])o 


(Fig. I hh: 
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so that the ellieieiicy of the «’um pressor-mot or uuitwould 
be: 


//v\ * 

\pj 


Vt'M. 


ff flu* rciinpnwnr in clriv<‘ii liy a ^fraia laigiaa, the t'fR*- 
vmivy (if riicttcir y (‘(fiial Id tla* cdinliiniHl <*fnc*i(aH'ies 
of hoilc^r, Itniikiiio eyc’li, ryliiifl(*ri tiioohanical 
of c*itginc.% t'oiiijiri*satir iiaii, oflieiiaioy of motor eomprcH- 
sor, or 
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thermal efficiency of motor = 


^boiler ‘ ^yRankine * ^ycylinder * ^mechanical ‘ ^compressor ‘ ^motor • 

The value of this thermal efficiency lies well inside ten 
per cent. 

Influence of Pressure and Temperature upon the Indi¬ 
cated Work.—The expression for the work developed in 
an air motor; 



and the corresponding expression for the work required 
to compress air: 





may 1 h' transformed the one into the other by making 
us(' of tlu> (ixpression for an adiabatic expansion in terms 
of ti'inperature and pressure; 

i— k i-fe 

TiPi =T2P2 * . 

'I'liesc' must of course be of the same magnitude, as they 
rcprcsc'iit tlui same) cycle of operations simply in a re- 
vers(‘d dirctetion. In both formulae the subscript 1 
applies to the conditions at the upper pressure level, 
and subscript 2 tlu; conditions at the lower pressure 
li'vel. These different forms for the same quantity are 
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used l)t‘(‘ausc‘ ordinarily oiu‘ knows the initial eondition 
of tlu^ air supplied to a motor and would not Ik' liable 
to know tlu‘ {‘xhaust t(‘mp(‘ra,turt', and similarly, one 
knows tlu' eondition of llu* air suppranl to tlu^ (‘ompres- 
sor and would not he* lial)h‘ to know its (‘xhaust t(‘mper- 
atun\ 

A (‘omparison of tlu‘S(‘ two formuhe maki's (‘videmt 
tlu‘ [a(d that (he amount ot work produecnl or eonsuuual 
is absoIut(‘ly indt^pemthmt of t!ic‘ acdual vahu's of th(‘ 
upp(‘r aiul lowtu’ pn*ssun*s. but is dt'pi'udimt sohdy upon 
tlu‘ ratio of tlic'se valties. Thus th(‘ amount of work 
r(‘quired to ('(aiipress a pound of air from I lb. to 15 lbs, 
l)r(‘ssuri* is iHjuuI to that which wouM bi^ natuinal to 
comprc'ss it, say frtan 15 llis. to 225 lbs, Himilarly tlu^ 
work r(M|uireil to I'ompn'ss a pound (jf air from .t)l of a 
pound per sq. in, to one pound pta* sq. in. is as great as 
tlu‘ work required to eompn^ss it from, say 10 lbs. p(U' 
S(i. in. to 1000 lbs pc*r sq. in. On tlie ollau* hand thi‘ 
amount of work obtaiitt‘d tu* nlma'lHHl per pound of air 
is dirc’dly proportional tu the* initial tianpt'raiurc* {jf the 
(‘hargt* supplii'd tti tlte motor tu* tlu* etanp^ressor. 

If therefoO' it is f^ssenlinl and riecawary to wat(a*«eooi 
the eyliuders of an ordinary iiirmtmipr(‘ss(U‘ which is 
(’ompr(‘s.siug from atmosphf*ric pn'ssurc* to two or thna* 
Inmdrca! ptmnds, it is just nn nee(‘ssary to cool th(^ eylin- 
dcU’s of the (Iry air ptuiijq wtiosc* function it is to fa,k(^ tlu' 
low pu'ssure iiir from a varimm tdiamlMU' and discTatyy 
it into t!ie atmosphere. This is chairly ilmuonstratcal in 
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the temperature-entropy plane from the fact that the 
constant pressure curves all possess the same form and 
are simply displaced from one another parallel to the 
entropy axis, the displacements being proportional to the 
logarithms of the pressure. Thus the pressure curves 
for 1000, 100, 10, 1, Vio; Vioo lbs., etc., would form a 



series of curves separated by e(pial distar ces (Fig. 114). 
Thercdorc^ the work of comi^ression from any on(i curve 
to th(' succx^ediiig liiglun* curve would be the same as 
that from any otlus* curve to its siiccu'ccling curve; 
assuming the compression in all ca*ses to start at the 
same temperature, the increase in temperature would 
be the same in all cases, and finally the heat absorbed 
by the cooling water must also be the same in all cases. 



niAFTER X\TT. 


I)IS('rsSI(>X oi'' HKMU<;KHATrN(i riKXmSEB. 

Refrigerative Units. \’'an(>us hraiu‘h(\s of ('iigiii(H‘ring 
hav<‘ tlunr own units, whioh in a s(‘ns(‘ an^ liistorical 
roconls t)f tho functions fornun'ly ('Xc‘rcis(‘(l by otJu'r 
(lt‘vi(H‘s or systtans, and \vhi(di havt* Innai usurpcnl by 
t!u\se‘ partic'ulur brainda‘s of caiginnca-ing. Thus in powcu* 
(l(‘V(‘lopin<att tho nanu* of tlu‘ horsc‘ is pn‘S(‘rv(‘d in horse- 
powca*, I^fenlstatu’kcu ehcwail vapour, (‘tea, whi(‘h is the 
unit for all stcauin ant! gus-caigira* itieasunatuaits; (^vtai 
in boilc‘r rating tla* nnint* still stit'ks, although its nunaa- 
i(*al value has long c*eas(‘d to posst'ss aipv n'lalion with 
its origin. 

In refrig<i*ation (•nginecuing it is not tht‘ horst^ but 
natural i<‘e wlueh is being replaecnl. As h(*a,t. eonduetion 
is a (‘ontiiuams <iptuiition, the* rt‘frigerating agcnit must 
operate tweiifydour licntrs a da>%H(» that wlum \v<' fill our 
refrigcuiitors with iet* the supply must be suffieiemt to 
last tlu‘ tinit‘ interval from ota* llHing t(» tlu^ n(‘Xt. In 
pt^pular or eomiiien^ial parlance* the n^frigcu’iititig manls 
of any plant wanild 1 m' rc^preHenicHl by tla* rate of medt- 
ing of the iet% m m many units of weight of iee per day. 
It is but natural, then, to find ih(‘ capacity of nua^hanical 
rcdrigi*rating plants exprewed as the caiuivalent of so 
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muchicc melted daily. 'I'he unit of refrifj,'craruni adopted 
by the A.S.M.R. is (he lu'af a!)sorI)iiit>;eapaeif3Mhie (o (]u‘ 
melUng of one ton of iee in twenty-four hours. As the 
latent lieat of fusion of ice is M l Il.T. 1'. per Ih. this 
unit corresponds to the absorption of 2.S.S,()()() H.T.r. 
jH'!' 24 hours, or 12, ()()() B.'l'.U. per liour, or 20(1 H.'I’.l'. 
jier minute. \ report of the eommitli'e to the society 
may be found in tlii' rec<irds of t!i(‘ in 

Vol. 2S, year 1000, page 1210. 

Tlie output of a refrigerating plant is e.x]ir('.ssed in 
various ways, according to the feature it is de.sired to 
accentuati'. Thus to the purciiascr or imu-. (be chief i((-in 
of interest is tlu' ice e(|ui valent, .mi the output is (iimted in 
tons of ice melted in Iwen.y-four hours, h’or (he power 
engineer (he important que.stion is the luuve-pmver re- 
(juired to ))roduce a certain number of units of refrig¬ 
eration, .wo (hat the output is u.-ually <iuo(ed in B.'l'.r. 
refrigeration pers(<.Hni limve piiuer per niinitli'. Kinallv. 
from (he standpoint of cost, reference nui.-t esentuallv 
1 h' made to (he coal pile, so that the refrigerative eff<><d 
is also (|Uoted in (I'rnis of pound.s of ice melted per 
pound of ci'al burned. 

Refrigerative Systems. HefrigiTating plants group 
naturally under one of three headings: 

1. 'rho.s(‘ u.wing air with either (he natural or den.we 
air .system. 

2. lho.se using some \oIafiIe .sulistauee, a.s ammonia, 
with a eompre,w.sor. 
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3. 'riuist' u/uif' sonu' V(vlatili' suhstuuci', as ammonia, 
witli some al)sorlH‘Ut, as water, with its nc'cc'ssaiy ad¬ 
juncts, ahsorlier. ficnerator, analysis-, n'ctitier, intcr- 

(•han}i;<‘>‘- 

Air Refrigeration. .\ir re frige rat ion at tlu' pn'sont 
time is used chielly umler such circumstances as make 
(he us(' of ammonia refrigeration impossible or inexpc- 
dicmt., the u<lvantage of this method lieing that h'akagc 
of the nd'rigenitive tluiil cnus<'S no inconvenicuua'. The 
disadvantage lies m the small heat capaiity ot tlu' nil, 
which is only O.'ddTr, H.'!'.!'. per pound pm- degnv dif¬ 
ference of temiierature. so that large volumes of air 
huv(' to lie hamlled by the compressor and Uie ivst, of 
die system in order to atTeet any apprecialde n'frigm- 
ation. d’he apparatus useil eonsi'^ts ot si'veral memlK'rs, 
each possessing the peculiarities and performing the 
functions described in th.> hdlouing, A eompivssor 
which may if tlesirable be two staged, the lunct.ion of 
which is to increase tlie pressure of the air a considcu- 
able amount. 'I'he involved increase of temiierature 
must next be eliminated by carrying th<* <leli\ery pipe 
of the cotnpre.ssor through a suitable wati'r bath, so 
that the air is restored to atmospheric teinperatuic'. 
'I'lie only way in which the temperature of tlu' air can 
he diminished other than by direct radiation to some 
l„„ly, is to utilir,.' tlu- internal energy of the air 
in the performance of work. This is most elh-ctively 
accomplished by expanding tin- air in a motor or expan- 
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(U'f which ordinarily is either direct connected to the 
compressor piston rod or indirectly through a common 
shaft and thus stu-vcs to help drive the compressoi-. The 
dilTerence between the power absorbed by the compres¬ 
sor and that developed by the motor must be supplied 
from some extern;;! source. Because of the practically 
adiab;itic. (expansion in the motor cylinder the final tem¬ 
perature of the air is expressed by the formula 


T-2 


m I Pat m. 

Vtt. 


irj 

k 


tlu‘ air (luring ('X])ansiou undergoes the same frac- 
tioiuil diininulion in tenijx'ratun^ as its increase during 
(‘oinpn'ssion. The air heaving the compressor is there¬ 
fore much (‘older than the atmosphere and may be used 
as a, r(drigc‘rativ(^ . The rest of the system consists 
of a pipe' (‘ondueting the cold air from the exhaust of 
tlu‘ motor to tlu^ ndrigcu’ating rooms or brine tank, etc. 
As th(‘ air (‘,ir(*ulal(\s through these various chambers 
ht‘nt flows into it from the surrounding hotter atmo- 
splu‘rc‘ and it tlun-tdon^ scu’ves to cool these respective 
c’hamlKU'^-’. hhamtually the air will regain atmospheric 
tcanptu-atunn so that thc^ theoretical refrigerative effect 
is (‘((ual to 0.2375 x(Ta,tm."-7'2). Actually, however, 
thc^ full valuta of this nd'rigcu-ativc effect cannot be rcal- 
mnl as tlu^ latt(U‘ portion of the heat is received at tem- 
pcuiitun^s gnaitc'r than that of the desired refrigeration, 
so that this would be transferred through the piping 
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after the' air k'ft the n'frige'rativo chainbor and is on 
its n'turn to the' c-otuprt'ssor. Ordinarily, tlK'roforc, this 
final section of tht' pipe is onhfted and the air is wasted, 
a lu'W supply tn'ing <lrawn in at the compressor. In air 
refrigerating plants the work pt-rfornu'd during ex[ian- 
sion is no loiu''i‘r tlu- main ohje'cl, as in tlu' case just 
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(liscusst'd, lull is simply a nietuis of ohtnining Ihc' desire'd 
('iid, viz., a .sufiicient drop in the tem| eratun' of the' air. 
The essential parts of such a system arc' diown in Fig. 
I la. The compre.ssor A takes its supjily of air from 
tlie atmosphere and discharges the compre.ssed air into 
th(' <'(K)ling coil H, when* tf'mperature and volume an* 
lx)th decreas(‘d at constant pressure. Tlu' cold air now 
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passes into C, and in expanding helps to operate the 
compressor. The expanded air is delivered at low tem¬ 
perature and atmospheric pressure to the refrigerator 
room, ami as it passes through D its temperature in¬ 
creases and reaches that of D by the time it leaves at 
the right. The cycle of the air is completed by warming 
to the initial atmospheric temperature outside of the 



rtdrigerator. The expansion in C being used to attain 
low tcunperature instead of work, care is taken not to 
heat tlie air during expansion, so that the expansion 
may he. a.s nearly adiabatic as possible. 

In Fig. llC) let anb represent the passage of the air 
1 hrough a two-stage compressor A and the cooling tank 
B. During the expansion be, in the working cylinder C, 
th(! tcimperaturc of the air drops below that maintained 
in t.hc refrigerator T^, the air being delivered at pressure 
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/>„. As tlu' t('mp(‘ralurc of tlui air incivases along the 
constant-im'ssnn' eurve ai, i( ('xlraels from tlic refrio-- 
orator tlu' heat undm- tlu' curvt' al, iu the YV-idane 
Tlu' lieat muler da, necessary to eompkde the cycle, is 
obtained from tlu' atmosphen'. Tliat is, the ndrigora- 
ting (‘tTeet cdvf is attained by tlu^ expenditun' of the 
work ahcda. If the compressor lias but- one stage, amh, 
the ellieieiiey will lu* eorrespomlingly less. 

When we realize that^ a pound of air at, ordinary at¬ 
mospheric conditions occupies about 13 eu.ft. and for a 
rang!' of temperature of, say 100 degrees, has a refrigcr- 
ative capacity of nppruxiinately 'id B.T.U., we see that 
to accomplish any appreciable amount of refrigeration 
a large number of pounds of air must In* circulated and 
therefore the vohuiK' of air to be handled is practically 
prohibitis'c. It is at this point that advantage is taken 
of the fact previously mentioned that tlu' work of com¬ 
pression is independent of the actual pressures, au<l only 
dependent upon the ratio of pressures iigwhat is known 
as the Allen Dense Air Machine. In this mechanism 
the air is never ex|ianded down to atmosiilimki prc'ssure, 
but reaches, as it exhausts from the motor, a pressure of 
alxnit live atmospheres, or roughly (iO lbs. gagip and 
when ilisclmrged from th<- compressor is ordinarily 
about loi ntmo.spheres, or roughly 210 lbs. gage. 

Assuming that the air entering the compressor is 
pradically of atmo.spheric temperature, we see that the 
volume of one pound has lieeii reduced from aiiprox- 
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iinat(4y 13 cu.ft. f(> at)pri>x‘Hua((4y 231 cu.rt. In otiua' 
Avord^, tlu‘ volunu' of (‘vmy pari of I hi' sysli'iu is rc'diun'd 
in about oiiivdiflh of that hirh would hi' ui'udi'd if alnios- 
})luTic air laid horn usod. Tho h'mpi'raluri's ordinarily 
attain, with I!h' AlIc'U Doihc' Air Machincu from 7(F to 9(p 
F. Ik'Iow z(*ro. ddiissystoni is niostl\'u^i'd on hoaid ship^ 
and till' air is usod lo a rorlaiii ^*\tt‘n( in a ro^vnorulivi' 
inannor, i.o., thi' coldosl air ju>t Iravint^ iho motor 
pussiss throu^'h tho/iro-makiiii!: hox, and Ihon sorni'whai 
wannor lu'xt (‘utrrs tlu' nirat rhaiiihi'r, and upon h'aving 
this is still colli t'nou^^h to ho u>oti in rhdliii.ic the drink¬ 
ing watar hutt. Finally, as it passes on its wav to thi' 
c‘oinpn'ssoi\ it is useil to rhill thr Wafer coolotl air about- 
to (’utcr the' I'Xpandta*. 

d'hc amount of wotk fhtnirriirally i--^ Ihi' same in tin* 
dc'usi' air as in the naf urnl air sy:4eiin hut hee.^nse of thi* 
n'dueed volume the eoiiipresofr ami iiiolor frietion lo.sst*s 
may he smaller. The e<Ht k-s, and ihF, eomhined 
with the di*i’rc*ased floor spaem inakt-- it fmsihle to ufl. 
izc‘ sueh a system. Siieh phuii:. an* still ii^nl in plaeos 
wlu'fe it is more e-.Mmiiiil to iiiiard aaaiie4 ilanyer aris¬ 
ing from the leakage* of fluid.-, Mieh le. aiiiiinmia, Ilian to 
install the most eeoiioiftitai! pliiiif, as for example, on 
war vt'ssels. 

Ammcmia Refrigerating Hunt. \ eumpliUe tnrlo (4 
file Working lliiiil in the .‘I'eont! rhl"^^ of r«'friia*rafiiig 
plants, where a safunitis! wipur u fs!. ihheio mafe*- 
flom tile all lie, ii.\- the sllhsliiliee is eiiltdefisetl 




DISCUSSION OF RFFRIOKRATING PROCESSES. 345 


and vaporized during tlu^ j)rocess. d’ho more com¬ 
monly used fluids ari' ammonia, carbon dioxide, 
and sulphur ilioxidc; ammonia Ixang used most 
gciK'rally. 

Fig. 117 shows diagrainmatically the (essential huitures 
of an ammonia n'frigcrating plant. It consists of (1) a 



I't.i n7. 


compressor which takes the low pii'ssure vapor from 
the ri'frigerator coils and ilelivers it at .some higlu'r 
pressure, i2i a condenser consisting of a seric's of coils 
in which the luil gas i.s cooled until it liiiuefies, (3) a 
storage tank <-ontHiiiing a supply of ammonia which 
remains liiiuelhal under lla* high pressure' id. atmos¬ 
pheric temperature, (-1) an expansion valve' freim which 
the lieiuiel e'lne'i’ge's uiiele'r re'ilue'eil pre's.sure', anel (5) the! 
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refrigerator coils in which the liciiticl, under reduced 
pressure, is vaiK)rized by withdrawing the necessary 
he^at from its surroundings. The high j)ressure pre¬ 
vails from th(‘ diAiveny-valvc^ of the coniprc^ssor to the 
expansion-valves, and low j)ressure from the lower side 
of the re'ducing-valve te) the admissie)n-valve)s of the 
compressse)!'. 

Thes redrigerator ce)ils may be useel directly, thus 
bringing tlus tempesratures of the surre)unelings elown 
iK'ar thes boiling tennpen'ature of the lie|uid, or, if such 
a le)W tc.mperature is not de^sireul, the ce)ils may pass 
thre)ugh a bath, as of brine, anel realueu^ this to the 
desireul Icnnperature. Tlu^ ce)ld brine is them circulateHl 
through the redrige‘rate)r. This latter' medhexl gives a 
tnore nenirly constatdi tompeu'aturer The^, lenist me)ve^- 
meuit of the e^xpansiou-valve', causes variatiotis in th(‘ 
hack pimsure, and htmea^. in the^. be)irmg temperatures 
of ties ammonia, whiesh would affeset the surre)uneling 
air if used dinrd.ly, but whi(‘h we)uld be^, absorbevl by 
the larger he^at capacity of tlui brine. Th(‘. direed; sys¬ 
tem is, however, sinipku* and less e^xpemsivc to install 
and to maintain. 

As long as any rupiid remains unvaporiz(‘d in tlui 
refrigerator coils tlu^se^ will remain at the^ tennpeu’aturc^ 
of vapori/adion, but afteuavards tlu'. pipe's assume the 
higher temperature of the l)ath or surroundingaitmos- 
phem^, and then be^gin to superheat the vapor at con¬ 
stant pressure. This supenheating is still further in- 
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cT('as(‘(l in the piiu' U-ading bank to tlio compressor. 
Aftt'r leaving tlie coinpn'ssor tlu' highly superheated 
vajior passt's to tlu* c‘on(k'ns(‘r, losing part of its super- 
lu'al at constant' pn'ssun^ on the way. This process 
is finislu'd in tlu- comh'n.sc'r, and then the vapor begins 
to licpK'fy at th(‘ tempi'ratuni eorrc'sponding to tlu^ high 
])r('ssun'. The hijuid (inally emergt's eooh'd to tlui 
lempc'rature of the cooling \val('r and collects in the 
storage tank above' the' ('Xpansk)n-valve ir-ady for a 
new eye'le. 

'I’he corresponding jir- and 7’</)-cycles ane shown in 



Fig. llH, (if) represfuits the passage of the rupiiel through 
the exiiansiou valvt* along a eonstant-luuit curve, dur¬ 
ing which a portion of tlue Uepiid ™ is vaporised and 
the refrigerative power of its liciucfactioii destroyed; 
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he ropresents (lie vape^rizatioa cjf (ha rciaaiiulta* o! (lie 
Ikiiiid; cd, \he ?^upt*rh(‘uting of ihe vapor tluriag the 
last pari of lhc‘ ri'frigci'atta* e(»ils and tlu' ndurn pipc^ 
to the coinpressor; d/ I'oproh’enls I la* t'omprt^ssion, and 
the loss of supi'rheat by eoiidueruan radiation, (de., 
as the hot gas flows ahaig the pipi‘ to t!u‘ eondcaista*. 
If tlu* (•onipr(\ssor wer(‘ tuostagt*, with intcaaiUHliate 
eo(;ling down to atniospheah* teni|ferafun\ tht‘ path 
followed would Ih‘ (ItJtjh. d'la* llquefackion is n'pn*- 
s(‘nt(‘d hy Ap and tht* furthc r eo(4iitg t»f tlu* liquid dtavu 
to atinosplu'rie t<anp(‘ndun* by ai. 

To d(‘(*r(‘asc‘ tlu* work rcH|uinnl l(» c*ofitpr(‘s.s the* gas, 
attempts art' nualt* in various types tif eoinpn\ssctrs to 
cool it during cannpression by the ur«‘ of watta* jaektds 
or by th(' dirtad injeefiem iiitt» the c'ylindt'r of eitlitT 
*li(iuid ammonia or t»il. In such eases fht* etnnpn*ssion 
is 110 longcT atlinbatitq Init tif the ham pt** 
wht'rt' n will dequmd in any given ease upon the ananml 
of ht'ut t'xtraeftMl by the JiiekeP'^ or abstirlnnl by thc» 
injt'ettMl fluid. 

The Itaupt'ruturt' of the entering vapor is iiHually 
considcTuidy lowta* than that of ihe (‘ooling water, so 
that hc'ut is ratliatcHl «mty dtiriiig the* latl<*r part of tfa* 
stroke, whem tlie teinpf*rutiirt' of the vnptir greatly ex¬ 
ceeds that of th(' water. I1ie etiiiipression line of 
indicator-earclH from Kucdi eompressors should there¬ 
fore approximate* elonely the* adinbatie curve drawn 
througli the eommeneemeiit c»f the eoiiijiressitiii strokii 
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aiul nliould bagin to tall Ix'low it inon^ and more only 
as Iht^ (!is(‘liarg(' jun^ssurt' is api)rt)a(‘luHl. 

11 oil ol t!i(* sanu* t(au[i(‘raturt‘ tis tlu' (altering vaiior 
is inj(H‘t(Hl into tlu‘ (‘vlinder, it can afleei tlu‘ tianixa™ 
atur(» only by absorbing luai! as tlu‘ gas is eonipr(‘ss(xl 
'’riu‘ spe(*ifi(‘ hi'at (4 tlu‘ oil is gnaitia* than that of tlu^ 
eylindca* walls, ami possibly eonduetion o(*curs sonu*- 
what mon* rapidly from vapor to oil and tluai oil to 
nu'tal than it would directly from vapor to medal, 
(‘sp(H*inlly if tlu* oil is in a timdy dividtal statev This 
(‘an only nvult in (‘hanging slightly th(‘ (‘xporumt n of 
th(‘ (‘oniprt‘ssion (mrve^ /ir" 

Tlic* cdTeed <4’ injtading liciuid ammonia is diili(‘ul(. to 
d(*s(*rib(‘ in gen«*ral !(‘rnis, as th(‘ n‘sults will diHer 
ae(‘ording to the quantity injiaded and tlu* various 
tempe^ratun‘S of fla* litfuid, vapmv and eylindca’ walls. 
If t!ie‘ (‘yliiidia* walls are assumed to b(» non-caindued-- 
ing and f!ie injecdcsl tiiiuid is previously (’oolcal to the 
fcanperalure tjf the od’ngia'ator, the* supca*lHad(‘<l vapor 
will thc*n its supti’luaii and in so doing suller a 
drop in prc‘HMure, as tlie cTlindcu' volinm^ is mom<m« 
tarily eonslaiit. At the same tiimy howenaa*, tla^ in- 
]c‘ef(‘d li(|iiid will be pa..rtinlly viiporiml, imu-eascxl in 
vo!uiiic% and thus idTecd an imaa^asc' in pnwurca The 
n^sultant effect in this caise would undoubbHlly bc‘ a 
net reHlucttoii of jinnssure and thuH dcHm^aHc^ th(‘ work 
of coinpressiom As, however, the cylinch^r walls are 
good eonductom when in eonta(;t willi a liciuid, cmoiigti 
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of the ammonia might thus be vaporized to produce a 
net increase in pressure. If the liquid is injected at 
the same temperature as the entering vapors, it is at 
a higher temperature than that of saturated vapor at 
the prevailing pressure, and hence will partially vapor¬ 
ize imtil a condition of equilibrium is established. What 
the final conditions of pressure and temperature will 
be will evidently depend upon the relative weights of 
liquid and vapor, the pressure, and the temperatures 
of vapor, liquid, and cylinder. In either of the above 
assumptions, if the resultant pressure is less and part 
of the liquid still remains unevaporated, the work of 
compression would be still further decreased, as satu¬ 
rated vapors transmit heat to the cylinder walls more 
rapidly than superheated vapors. 

If the liquid is injected into the suction-pipe of the 
compressor, it will expand at the prevailing back 
pressure and reduce the temperature down to that 
corresponding to that pressure. Whether or not there 
results a net diminution in volume must depend upon 
the amount injected and the quantity of heat received 
from external sources. Although the work may or 
may not be decreased, according to circumstances, the 
temperature will at least be decreased, and thus the 
amount of necessary cooling water diminished. 

It is theoretically possible to effect a further saving 
in liquid refrigerating plants by changing from the 
throttling-curve ab (Fig. 118) to a frictionless adiabatic 
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(‘xpansioii nW ] that is, by rt'phicing llu‘ ('xpaiusion- 
valv(‘ with ail auxiliary (‘yliiuha* and thus utilize^ the 
(‘Xpansivn fun*(' of th(‘ anuiumia to lu'lp run tlu^ cam- 
pn'ssor. llie n‘lrig(‘rativ(‘ powia* of tlu^ anunonia 
would lu^ iiuu’cxisc'd at tiu' sa.rn(‘ tinu^ sinci^ tlu^ amount 
vaporizinl during; t^xpansion would h(‘ (hxax'ascMl from 
kb to kb\ It is possil)l(‘ that tlu^ nuH*hani(*al chihi- 
pheations thus introdueod would inorc^ than couriUn*- 
balaiHM' tli(‘ tlua'inodynuniic savings. 

It has also bt^tai suggc\st(‘d that tli(‘ loss in ndrigor- 
ativc* powt*r occasioiUHl by tlu^ expansion ab could bc" 
diminished liy rt‘dut‘ing (he* tmnpc'ratun^ of tlu‘ rupiicl 
at th(* point n. Thus thc^ gas in passing from tlu^ 
rcdrigi^rator to tlu* compressor absorbs from tlu‘ at luos- 
phcTi* the la^at n‘pn\smited by th(‘ an^a undm* I(f, If 
su(di a loss is unavtndable, it could bt^ ncaitralizml by 
jackeding the redurn pipc^ with the rapful ammonia 
about to be feil to the ndrigcmitor, thus riMluc’ing; tiu* 
temperature of the lattm' from a to Uj ami so ch'ca’eas- 
ing ih<^ amount vaporizcsl liy expansion from Icb to 
kl/\ 

Conditions for Maximum Efficiency,iimmcmia, 
after halving the expansion coil, must Ik* as cadd as lie* 
lowest tcmipcaiiture desired in th<* rcdrigcmiting plant, 
and after eondensation in the eooling (‘oils caumot hav<* 
a tempi*rature less than that of tht* ec»oling water. ICvi- 
dently tlu* minimum tmnpcaiiturt* range is eovewm! by 
these two faetors, so tlmt the minimum amount of <*oni- 
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prcssion work will be obtained when the ammonia is 
cooled just to the minimum temperature and is com¬ 
pressed to a pressure corresponding to the temperature 
of the cooling water Such conditions necessitate the 
ammonia entering the compressor as soon as it is com¬ 
pletely vaporizecl If we call Ti the upper temperature 
and Ta the lower temperature, the refrigerative effect 
per pound of ammonia will be represented by Hz-qi 
and the work of compression will be represented by 
Hi — H 2 , so that the maximum efficiency under such 
conditions wifi be represented by the expression 


From this expression it is evident that the efficiency 
increases as Hi-Hz diminishes. This can be accom¬ 
plished in two ways: either by raising the lower pres¬ 
sure or diminishing the upper pressure. On the other 
hand, a decrease in the lower pressure or an increase in 
the upper pressure will cause a decrease in efficiency. 
It is evident that decreasing the back pressure makes 
it possible for the refrigerent to attain the temperature 
of the refrigerating room only when in a superheated 
condition. This gives a small increase in the refriger¬ 
ating effect but a larger increase in the specific volume 
of the ammonia, so that less ammonia is taken into the 
compressor per stroke and the compressor must be 
speeded up to produce the same cooling effemt as before 
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the cluuigt'. ifj ou tlu‘ ()th(*r luuul, thc^ lowc'r pnwure 
is left luu'luuigcd and tlu' initial pn'ssun* in(*r{‘asc‘d, the 
refrigea-ating ('ITtad- pia' pemnd nauains taaislant, and tlie 
work of eoiupr(\‘^sion is iiua*easi‘d so tlia! nion‘ powta* 
would ht' rc'puin'd to drivt* the eoinprc'ssor. 

In actual pnudicc' wc‘ fail to rc'alizc^ tlie idi^al elfirifaH‘y 
in n*frig{a*ators !H‘cmis(% il) all of tin* heat //:; f/» is not 

ahsorhed from the hriiu^ or tlu* refng«a'ating UHain but 
partially from thc‘ atmosph(a‘i‘, sf> that PJt tla* temper* 
atun^ of the ammonia iaitering the caanpn*s>{a* is hedtea' 
than that tjf thi* returning brine, or than Iiie refrigerat¬ 
ing rooms, thus imu’easing both Huntid //{, and ilaa’c*- 
forc‘ iiaa'easing the dihVnaice //{ i:ii fu obtain 

fairly rapid fhav of heat fnaii fla* ammonia to the t'ooling 
watca* file dischargv pressure must exceed the tliecinUiral 
minimum, thus increasing tin* uork of compn-ssion, 

1lu‘ amount of refrigeration of any given ftanperature 
deca*ease is hmibsl only by the speed at which thi* am* 
monia c'ompn^ssor can be run. 'I'he eflieifaicy of the 
opca’ation may, however, be impaired somewhat, clue to 
the gnatica* tlirottltng action of flit* ports and va!vt‘^s 
d'o obtain refrigeraticai of greater intensity the throttle 
valve frmst bt^ llirotllcal .still nnma Hiis will ic*su!i in i% 
r(‘duction of tdftcimicgVf since not only is ilii! refrigcratloti 
d(*cn‘ased but tlie work of cHiiiipressicui is tiicrciiHcd. 

Absorption Refrigeration* llita*e an^ two ways in 
wdiicdi anuimnin may h* refiiria’d from Iht* lowcu’ to lie* 
liiglua* presHtire level One met!it»d we liave alrtaitly 
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(Iiscuss(Ml: namely, tlud of rnmpn'ssiiij^^ it in a snitabh^ 
C()ini)r(ssM()r ami tlu*n eniulonsiii^ by means of eold water. 
The otlu'r nu'tlHul consists in usin.a an absorbtmt, as, for 
exarnpka \vatts\ which is ii^ml ia nil ordinary <jperations 
and which posscssc*s the power ttt abs<nihn«^ ttiany tinu‘s 
its own volunu* of anmuntia ^»‘ns. and then iHiipr a snmU 
pump to forcH' ihv ciuietsp rated solution fnan tin* hman* 
pn^ssurt‘ U) the uppm* pressure and tlelivm- it to a Innltn* 
or f^(‘nerator, wlnu'e t! h‘ aiiuuonia i> Hb^rafed from tlio 
watta' by the applieatinii lienf. Aeeordini: pj the 
t(miperaturc‘ at wlfu‘h iht* nlourption takf*s plaec% a 
pound of watta* will nlnorh from a firniiou of a pound 
to st)im‘tirmg mon‘ tliaii pounds i»f amnamia,. Hiis, 
t*\pn*ssed in gaseiiiH Vi4uiiie, :dnt\vs n dm’rease of two 
itr three liundret! voliiaios to ono. l.v., tin* artion of 
water is equivalmit tu n perpi*!iiid vneiniin. In the 
eenerator tlu‘ applieatinii of heat evaporates nut oulv 
the ammonia hut also a roii^idenible ninotint <4' water 
vapor, whiedi must iieeessiirily eltiiiinalfnl !«*rore tin* 
ammmiia can he inet! iis it refrimuaiting agetif. lln tla^ 
tc^p of tlie mmenitor i*i a lower like slriieture iauisisting 
of II serh's of frtiiighs me I passage-ways so desigm^tl as 
to return any eoiidtmsali* to the iadler wilhoii! himlering 
tite upwaut passage of ibte Vfi|iurv.. By flu* rndiiitiofi of 
heat and Iwfhe innishtif tliiwold eoiieeiifntlf*d amino- 
niii Holiitioii from the ihi* asrendiiig ro!iiiiiii of 

vapors is eliilled atal lie* less viiliitilf* stiaiiii suflers the 

grt^atm* cutitleiiMtliom At fit** saiiie fime the iiirtinting 
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^jolution is and a portion of the more volatile 

ainnionia is <lrivi‘n ofT and pass(‘s out at tlio top of the 
tower, tt^^ether with tlu^ anunonia wliieh has eoine from 
the pauu’ator. Mvtui now (lu^ .i^as is inixcul with a cer¬ 
tain small ([uantity of stc*am which must hct (diiuinatcil. 
This is accompIlsluHl in a c*oorma;coil known as ilie ‘^rec- 
tilu‘r” and so draiiUHl tluit any condtuisate flows hack 
into the tower or analyzer, Tliis nadifitn* is usually 
placc'd at stmu' point (‘Xpost‘d to tin* atmosplunx^ such a,s 
thc‘ roof of a huildini^, and is cotdcHl hy a small (juantity 
of wati*r trickling flown oYi‘r tlu^ pipt^s, tlu^ o!)j('(‘t hiding 
to utilize tlie heal of %*aporizalion of tlu^ waiter, wdilc.h 
vaporization is furthered hy any air currmit-s wdihdi may 
strike against, tiu* coils. From this point on tlu' am¬ 
monia is practicailly free fnmi widm\ so that the next 
portifui <if till* cutding coil ilrains forward into tlu^ am¬ 
monia tank in whifdi tla* rufuit! ammonia is storcal at 
pnudic‘ally atinosphmic temperalun* ludil it pa.ss(\s 
down thnmgh tin* expansion valve. This portion of 
llic‘ apparatus is itkiitieal in Imih the conipn^ssor and 
alworption systems, ami makes ust* of the cooling cdlVct 
o(‘c»astonf‘d hy th<* unrestsled expansion from high to 
Itiw prt*sHuri‘. This opt*raiion produce's a slight vapor¬ 
ization of the amnioiiia, and to that extent dt'siroys its 
ndrigeumtive vidnia The reiiiatiiing liquid passers into 
the refrigerating coils whicli may 1«‘ loealtsl either 
diu'Cily in llii* refrigerating rotans, or inscuitHl in a brine 
solution in case indireet refrigcmilion is flesired. After 
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being vaporized, the ammonia passes into the absorbent, 
as mentioned above. During absorption the ammonia 
liberates about 900 B.T.TJ. per pound. The resulting 
incrcas(!d temperature of the mixture from such a gen¬ 
eration of heat would prevent the absorption of ammo¬ 
nia, so that this heat of absorption must be eliminated 
from the absorber by the circulation of cold water from 
suitable pipe coils. It ic evident that the water which 
is left behind in the generator, when the ammonia is 
driven off by heat, must be drawn off, otherwise the 
generator would soon be filled, and similarly the water 
which is taken out of the absorber must be replaced, or 
else the absorber will soon empty. Both of these needs 
can be fulfilled by permitting the w'atcr to return from 
the generator to the absorber. Naturall}^ the weakest 
solution w'ill be found at the bottom of the generator, 
so that the return pipe takes the water from that point. 
We have now two streams passing in opposite directions; 
a rich solution passing from the absorber to the genera¬ 
tor, which must be heated in order to give off the am¬ 
monia, and a weak solution passing from the generator 
to the absorber which must be cooled in order to be able 
to absorb the ammonia. Evidently, then, both of these 
purposes can be effected by permitting the two streams 
to flow in opposite directions, but in thermal contact, 
so that the rich solution will be w^armed by taking up 
the heat of the weak solution. Of course this necessi¬ 
tates that a force pump be located between the absorber 
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and the lunut at whi(‘h this lunit is n'ceivod by t,ho strong 
solution. This dt^viccu \vhi('h translVrs tlu‘ lu^at- from 
th(‘\vc‘nk to th(‘ strong solution^ is known as an ‘^iutcu'- 
(diangcu’'’ or “rogcuHU’atord' Suc'li a systtau apixairs 
c‘umj)lic‘at(Ml at first sight, but art(U* a littk' thought b(‘- 
fonu‘S fairly siinplt‘ if \vt‘ simply stop to naili/a^ that tho 
ronipro.-.sor is bcdng n^pknaal by a \vat(‘r convc'yor, which 
must first Ik* cook'd and tlum luaitcnl in ordtu* to ab¬ 
sorb ami dt‘livc‘r the* anuuouia, and tliat most of the 
(‘ompk'xitics of tlu* mc'chauism arise' in carrying out 
tlu‘St' twt) functions of lieating and cooling, and tlu^ fur- 
tlu'r functiiui of separating the watc'r vapor entiredy 
from thc‘ aumu^nia. 

TIh'H' arc really thnu' st'panitc' (*y(‘k'S b('ing followcul 
tliroug!a)Ut tlu* nuadianism. Tluu’t' is tlu^ cycle (d tlu^ 
water, the eyede* of tlu' ammonia, wlu'u fuM' a^ul whem 
absorbetl, and finally, in cast' ot iiuliri'ct ndrigeration, 
thcu’c is also a brine* solutiom These diflVn'ut cycle's 
tir paths nuiy bt' enitUntHl as follows: Tlu' weak solu¬ 
tion starts at the* gt'iu'rator, passe's througli tlu' (‘xchangew 
to the* abseerbc'f wIii'H' it nu'C'ts the' gasc'cms ammonia, and 
the' twee uiiiha Tin' st rong Holution is llu*n takc'n by thee 
pumpi forced tlirough tlie ex(diange'i\ this time on the 
liigh prt'ssure' siclc* t»f tlu' pump, ami st'paratc'd from the 
lioi wt'ak solution only by tlu' thiekness of the piiiing, 
ami them f'lilers the top of the analyze'!'. At- this point 
most of it falls elownwan! towarel the* ge‘ne‘rate)r, a smell 
portion is pc*rliaps vaporize'el ane! jiassc's up into the re'c- 
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tifior, and then falls baede again into the generator, so 
that with the cxcajhion of a fenv particles which keep 
whirling around in I'ddy currents between the analyzer 
and the rectifu'r, nu)st of it passes down into the gener¬ 
ator, and, having k'ft all the' annnoiiia behind, is drawn 
off as a w('ak solution and b('gins its cycle! once more. 
The ainiuonia k-avc's the gcuairator in conjunction with 
th(' steam vapor, passes up through the analyzer under¬ 
going ])a.rtlal coiuleiisation and re.-evai)oration, but in 
the main passing onward to the rectific'r, where it again 
und(>rgo('S i)aitial comUmsation and escapes from the 
reclifitu- (mtiredy frei! from wtiter. It then goes through 
tlie comk'user, throttk* vahag (ixpansiou coils, into the 
absorber, whei-c; it, unites with the weak solution and 
travels tlu* path aln!ady d('scril)ed, nanudy, from the 
absorlM'i' tlirough tlu! pump and exchanger to the ana- 
h'zer. In cast' of briiu' rt'frigt'ration, the ammonia ex¬ 
pansion coils are plaet'd in tlu- brinc! tanks. Then the 
cool brim- is forcetl through suit.abk' piping to the refrig- 
(>rating rooms where it picks up heat anti returns once 
more to tlu' cooling tanks. 



(’IIAPTMH XVin. 

DLSCl'SSION (U-' KiOLVIX'S \VAI{MI\(i ICNCINR 

The Warming-engine.-”Th(‘ thinl possibility of the 
revoi'setl cycle, viK., the utilizulioi) of the lu'ut (h'liv- 
cred at the up[ier (ettipernlure for heating, was pointed 
out by Lord Kelvin: tlu' ideal being tluit, giveni, say, 
a definite ([unntity of steam for heating purposes, a 
greater luaiting eflVct cmdil be obtained by utilizing the 
steam to nm an engine and c('in[)n'ssor systcan and 
then divertitig the exhaust steam of the' engine ami the 
luaited fluid of the compressor to heating purpose's, than 
by a elire'ct application eif the ste>nm itse'lf. 

The' explanation etf this fact is that in the' erne' e'asee 
the'availability of the' he*at tei pe'rfetrm weirk at the' high 
ti'inperature is utilize'el, while' in the' eithe'r it is letst. 
When lu'at is transfi'rre'el by coneluctiem, raeliatiem, e'ti'., 
from a hot beeely tei a ceeleler biely, the' e-ntreipy of the' 
hot boely ele'cri'asi's anel that eif the' e-ole I beeely ine're'use's. 

Hut will'll an aeliabatii' fransfe-r eif e'lie't'gy oce'urs by 
changing he'af first info work anil the'ii back info hi'al, 
by alternate' e'Xpansion anel coinpre'ssion, the; e'ntro[)y of 
I'ach part of tlu' syste'Ui re'inains unehangeel anel the 
temperature' of Iht' hot Ineely is elecrease'il wliik' that of 
the cold iMiely is raise'tl. Tlu' action of such a syste-m 
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can best be illustrated by assuming an ideal system from 
which all friction and conduction losses are eliminated, 
and comparing the relative heating effects obtained by 
direct heating and by using the warming engine. 

Problem.—k pound of diy steam at 150 pounds abso¬ 
lute pressure, if used in a radiator and trapped out at 
room temperature, say 70° F., would 3 deld 1155 B.T.U. 
Assuming this steam to operate upon the Rankine cycle, 



discharging non-condensing into the heating sj’-stem at 
17 lbs. absolute, the exhaust, before leaving the radia¬ 
tor as water at 70° F., would yield 1095.3 B.T.U,, while 
59.7 B.T.U. would be developed into work. 

Let the steam-engine furnish the work required to drive 
a compressor-motor unit which operates with one pound 
of air. The compressor receives the air at atmospheric 
temperature and discharges it at some higher temper¬ 
ature Ti into radiator coils, where it is cooled under 
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constant pn'ssun* /a to n»oni tonipc^ratun* TjuiVip:, 119). 
It next passt's to llu' nudtu* \vlu'n\ after (‘X]>an(Ung to a 

final teinpta-atun^ 7\ V/' ' exhausts into the 

atinosplu‘re aial a fresh eharg(‘ of warnua* air is tak(ai 
bv th(‘ caanpressor, Thv effec*! is (‘quivalcait to taking 
froni tla* atniuspltere pta* p^aiial t^f air an aitiounf. of 

boat, (><iuh 1 tu (',aT„ T.,\, ov (>.'_>;{757’,7 ' 

Tlu' luait. n-jccti'd to t!ic nulintor i‘i(uulfs <). 2 .' 57 r»( 7 'i 7 \.) 

B/r.l'., while the work najuifeil to drivi' (lie unit is 

lual to (l.‘J:! 7 'ii 7 ’i 'riuavroiv, till'ratio 

_r, 

7'i - 7',; 


('( 


of heat clfTiverinl tit work input is , or jjj 

Tx 

From this it follows that tin- air <‘liVcts a licatiiifi (‘qual 

rp 

to ihiK'S I Ilf hfut iifVfloi»f(l into work. Ihil 

7 1 — 7 M 


Tx 

Tx T„ 


(',yVx Tn) 

dll 


or 


Tx T,. Tu * 


T.rT,i dll 
Tx 


If we assume the tmnpfraturf of llie otilsitle air to he 
0® F. a siihstitutioji of the values 7’,, ATx\)Jx,Ttt 7)27.7), 
0.2:577) anti Ml 50.7, 7’t OOtl.O® F. nhs. t)r 

/, = 7);5().7). From this if follows that, the air rejecLn 
7';,(7’i-7’/i) «.2;577»(7>;5().7) . 70) ! lO.K H.'I'.r. in jiass- 
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ing through tlic railiator. This n'pr('S('uts a gain of 
110.8-59.7 or 51.1 B.T.U. over llu! (‘iicrgy n'ciuin'd to 
drive the conipn'ssor-inotor unit, and is therefore the 
heat gaiiu'd from tlu' low tcniperaluix^ supply of tlu; 
atmos])her('. 

In the above probk'iu an unnee('.ssary runitation was 
imposed by a.s.suniiug oiu^ pound of air pen- pound of 
steam. If n pounds of air are compressed pt-r pound 

of steam each pounil will reeeiv(“ but as much work, 


so that tlu' dc'livery (emperafurc' will be something less 
than Ti, say 7'/, which may be obtaiiual from the 


e(|uatioa 



7’,, ■7’,, J// 

7’i' ' u dV 


Assuming » 10, the delivmy leuiperalure redia’es to 

021.0° K. abs., or 101.5° K. The heat rejecti'd by the 
air in the radiator now ;‘(|uals It) • 0.2.')75 (101.5 --70) = 

221.1 H.'I’.r. 'I'liis repre.siuits a g.nia <if 221.1- 59.7 = 
101.7 H.T.r., which i.s the bent obtained from the low 
temperatlire supply of the external atmosphere. 

It shotdil be noticed that although by increasing the 
amount of air circulated tije ipinntity of hav temp<-raturc 
heat which Ix'comes available has been raised from 

51.1 H.T.r, to 101.7 H.T.r, this has been obtained at 
the e.xpense of a larger cuinpre.s.sor, l«*caus(^ less heating 
is done per unit weight of air as the upiier tcmjMTature 
Ti gradually diminHlies in magnitude with increasing 
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weight of air. Evidently the limiting condition is reached 
when Ti becomes' equal to when there results the 
maximum heating effect from the air, viz., 

y % ■ . 

In the case of the above problem this amounts to 
4^0 c: 

59.7 = 65.64 X 59.7 = 391.9 B.T.U. The com¬ 
bined heating effect from the steam and air is thus 
1487 B.T.U. in place of the 1155 B.T.U. from the steam 
alone. 

An investigation of the general expression for the 
heat gained from external sources per pound of air, 

rp jjj 

T -^T '~n’ methods of increasing this 

result. This first, which has already been mentioned, 
consists in making Ti approach in value by increas¬ 
ing the quantity of air circulated. The second consists 
in making Ta approach T^. This is ordinarily be¬ 
yond the control of the engineer, w’ho must take the 
temperature of the external air as he finds it, but it at 
least teaches that the smaller the increase in tempera¬ 
ture through which the external air must be raised the 
greater the gain from the warming engine. 

An inspection of Fig. 119 makes this evident. The 
lower the temperature Ti the higher the temperature T^, 
since Ti-Tjc = Ta-TR, and therefore the smaller the area 
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AW relatively to the area Qa- Thus the ratio of areas 
T T 

increases from 7 =—~ to —~ as the upper tem- 

pcrature decreases from Ti to Tr . Further, as Ta ap- 

T 

proaches Tr the value of ttt —%fr increases indefinitely. 


General Discussion.—^We are now in a position to 
give a more general discussion of this subject in that we 
avoid the special characteristics of any particular sub¬ 
stance by assuming the working substances in both the 
engine and the compressor-motor unit to operate upon 
the direct and reversed Carnot cycles respectively. 

Let T] be the temperature of a limited supply of heat, 
Qi, and that of an unhmited supply, say, of the at¬ 
mosphere, and Tz some intermediate temperature to 
which a room is to be warmed. A Carnot engine work- 


Ti — Tz 

ing between Tx and Tz would perform the work Qx —^— 

Tz 

and reject the heat Qi^-- Suppose this work to be 

J -1 

expended upon an air-compressor, heating the air from 
T% to Tz- As the entropy of the air does not increase 
during adiabatic compression, the entropy of the heat 
to be taken from the air so compressed must be equal 
to the heat equivalent of the work of compression 
divided by the increase in temperature, dr 


Q 




Tx-Tz 
' Tx Qx 


Tz-Tz Tx 


Tx-Tz 

Tz-Tz’ 
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lu'iu’i' till' supply til air lakau iulti th' t'oinpri'sa.ir must 
haves available the heat 


y. = 7’.,. j,/,. Q, 


7’, -T-, 
7',’7':, 7V 


The heat availabli' iu th- hit air at t'mperaiure 7'i 
will then be 


T, 7', 

Q A VI rii ■ in 

'1 '3 


T T T 
T, ■ ' 1\ 


Q 


*-p fp 

/ I I ji 

"7',. 


7’.. ! 7\ 7’,- 

7 ’r 7 V”^j 


rn rp fp 

“7’i 7’, Ta’ 


which could also lx* obtaituxl by multi|»lyiug the, dc- 
creasKsd entropy of the air by the final tenipeTature 'I\ 


Thus 


7 ’ T —T 

Qa -iWT, Qup-fp' 

* I * n ’i 


Tho lofai ffuaiilily of lit*a( cloIivcaiMl Uu» room thua 
l)(H*c)HHhs tha aiim of that rajcaitHl by holh caigira* aiul 
e(anprc‘H.sor, ar 


fp rp rp rp m 

a /) I f'l /) I i ^ ^ 

Va I H'4 '^ifirp ‘ Vigt ’ rp rp 

rp rp rp 

Vim rp ^^rp* 

* i * 


The increase in heafioft jxiwer over that obtained by 
the use of (he steam alone is thus 


n 'i\ r. 


Q, Q, kh Q,fpi. 


r , 7\ 
T 

I ‘ a 


ni 

fp (L 

* i 
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or equal to the heat obtained from the low temperature 
air. All examination of this last formula shows that if 
the upper and lower temperatures, Ti and T 2 , are fixed, 
the gain will be greater the smaller the value of T 3 , so 
that when the range Tz — Tz is small the gain may be 
many times the original quantity of heat. The gain 
Q 3 —Q 1 represents the extreme difference obtained by 
supposing in one case all the availability to be utilized 
and in the other that none of it is utilized, or that the 
hot body simply expanded along a constant heat-curve 
until Tz is reached, thus suffering an increase of its 
own entropy. In practice the actual difference would 
be diminished from both sides, the maximum value of 
Qz being impossible to attain, due to radiation, con¬ 
duction, and friction losses, and the minimum value 
would always be exceeded, as the heat contained in the 
air would be partially utilized. 

This maximum gain, Qz—Qi, can be illustrated by 
means of the T^i-diagram, as shown in Fig. 120 . Let ab 
represent the quantity of heat at the temperature 
Tj. Tj is the temperature of the atmosphere and T, 
that in the room. A Carnot engine working between 
T, and would perform the work ac and exhaust the 
heat dh, the temperature of the exhaust having been 
lowered from to T^, but the entropy remaining con¬ 
stant at a'b. If no work is performed, but the hot body 
permitted to expand along the constant heat-curve H, 
the heating effect at will be de = ab=^Q^. Let us rep- 
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n'si'ut (!u' cluiiif!:*' ill dll' coin lit km of the uir at the left 
of tlu“ litio Ml', hot )ini( ac') n'prc'st'ut the work of 
the comprossor in heat-units. .\s (hi.s ha.s (o bridge 





.H 


i 

H 

1 


Till" 


i! 

ii 


If 


s 




1 '^., ....MdkL 


Fill rm 

(wvr tlM' t<»iu!«*niturt* iitlemil 7V itn wuWh or 
(‘ntn)py will hi* /n' origiiuilly coii- 

* % * ‘i 

taiiiod in till' air tlui.s coniprosHotl ia ihorcforo ahowu 
liy ?)/. 'I’lio total hoating olToot is thus mu' +db, which 
is groat or than do by the uroa /i/. 
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To determine the position of the point m, it is con¬ 
venient to construct the rectangular hyperbola as pass¬ 
ing through a, and so proportioned that when inter¬ 
sected by isothermals T 3 , Tz , etc., the rectangles mn, 
m'n, etc., thus determined will be equal to the work 
performed by the Carnot engine, ac, ac', etc., r( 5 .spec- 
tively. It should be noticed that as Tz approaches Tz, 
the quantity of heat nf, nf, etc., utilizetl from the atmos¬ 
phere increases indefinitely. 

A Gas as the Working Fluid.—The above general 
discussion is valuable as defining a maidmum standanl 
of reference, but the Carnot cycle is not feasible in 
practice, and must be replaced by the Joule cycle for 
gases and by the Rankine cycle for saturated and su¬ 
perheated vapors. An illustration of the use of the 
Joule cycle with air has already be(m givcm in tlie above 
problem, which shows that the theorcdic-al gains with 
air heating are probably not sufilcumt to offsist tlu^ cost, 
bulk, maintenance and inconvimicncc! of a compn^s-sor- 
motor unit installed for this purpose aloiun That is, 
the heating problem is differemt from that of refriger¬ 
ation. There is but one way to obtain the necessary 
refrigeration and the cxpensi! must lx; met, but in lusat- 
ing the direct method is the simpkist and most obvious, 
and the warming engine must justify its((lf by showing 
a considerable thermal saving. Of course then! always 
exist the interesting possibilities of obtaining the heat¬ 
ing as a by-product of the n-frigerating system, or of 
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using tlui same plant for cooling in summer and heating 
in wint(ir. The same advantages exist lu'rc in tho use 
of a (Ums(i air sysUmi as in the case of refrigeration. 

A Saturated Vapor as the Working Fluid.—Tlu^ same 
qualili(‘s wluch make' the usc^ of a saturat<'d vapor, as 
ammonia, advanlageous for ndrigcTation, hold good in 
the case of (he warming (mgiiu', viz., (lu> large' hea(, 
capacity aiul (he small volunu'. 

Here (he cooling coils of (ho refrigc'rating system 
would 1 h? rephuH’d by large radiating surfaces ))roperly 
distributed alxnit the building to 1 h( heatiid, and if no 
rofrig(U’ation was (h'sired th(‘ ammonia lu'ating coils 
(evaporation coils) could bt; exposed to tlu' atmosplu'ix!, 
or better still, if convenient, lx; inunei-sed in some 
nearby river or ocean and thus draw heat from this 
limith'.ss .supply. l)u(' to tlx; high vapor tension of 
tlu! ammonia (he temperatuie in the radiator coils 
would lx- less than in steam coils, .so that tlu' rate, of 
heat How would lx( less than in .shaun heating and 
cons(X[U('ntly a greater awut of nuliating surfaca; would 
Ix! nsiuireil. 

The warming unit wouhl consist of a stcuun tmgine, 
running noiK’tjndeJi.sing and <!xhaus(,ing into steam 
heating coils, which op<*rat(‘s a diri'ct-comuicted atn- 
inonia (or other saturated vajxir) compressor. Tlu^ 
heating would lx* c'lTeeted by the exluiust steam at 
alxmt 220° F. and by the high-pressure amnionia at 
abcnit too® F. The low (('inixTature hc'at would be 
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obtained from water probably at a temperature of 
about 40° F. 

Problem .—Assuming that the ammonia follows the 
reversed Rankine cycle between the pressure limits 
thus defined, with the exception that cooling along the 
liquid line is replaced by the throttling curve, the low 
temperature heat picked up at 40° F. would equal 
34 o°+J' 40°—?ioo =9 + 534 — 75 = 468 B.T.U. The work 



required to drive the compressor (see Fig. 121) would 
be IIi —II 2 - To obtain Hi we have = or 


0.1423 + 


486 

559.5 


+0.54 loga-^J-g=0.0177 + 


534 

499.5’ 


whence 


ri = 643.9° F. abs. = 184.4° F. 
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Th(^rofore 


Hi -561 4-0.54 XS4.4 -(K)6.6 B.T.XJ., 
and 

J/i - Th - 6()().() - 5 Id -63.6 B.T.XT., 
so that th(' lU'f hi'at gaiiu'd from llu'. oju'ration would 

4(kS-63.() 364.4 B.T.B. ikt ixnmd of Nila. 

Electric Heating. - Anotlu'r j)ossi!nHty of the wann¬ 
ing (‘ngino is the ocoaomioal ulilization of oloctrical 
power for luxating purposes. The; direet utilization of 
eleetrle power in resistaiua; liiiatfU’s is mueh h'ss econoiii- 
ieal than th(' eustomary furnaet's, hot wat('r arid steam 
h('aters, hut if tim eleetrle power is used to op(>rat(; 
an eleetrie motor-eompres.sor unit it is po,ssi!)le that; 
the etlieieney of the warming engiiu* may bring 
.sueh a usage within the realm of eeonotuic [)os- 
sil)iliti(‘.s. 

'I’hus, iinagitu! the eompress<w of the preceding })rob- 
lein driven by smdi a motor, then assuming no losses, 
th(‘ heating aeetunplished by tlie warming eugitio would 
46S 

be Trr--; -‘7.36 tiin{« that of th(> heat, (‘(luivalcmt of the 

(»,{.(> 

electrical energy. Of course this full theondieul value 
would not Ik- r<-alizeil in praetiei; dm; to si,ray ixjwor 
and friction lo.sses, but it should l«; noted that sue.h 
losses are not a tlireet thermal loss as th(!y po.s.s«;ss the; 
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same heating effect whether obtained in the motor 
windings and the bearing surfaces or in a resistance 
coil, but that the only “loss” wliich they signify is 
a limitation of the amount of increase to be obtained 
from the warming engine. It is possible that the net 
returns would be sufficient to bring the cost of elec¬ 
tricity within competitive range with coal, especially 
as the greater demand for such heating current would 
come during the day so that the manufacturer could 
afford to sell the current at low rates in order to in¬ 
crease the load factor of the central station, and thus 
lower the cost of power to all consumers and in this 
way help to extend the applications of electricity in 
other directions. 

“Thermodynamically our present methods of heating 
arc most wasteful and subject to great improvements, 
and sooner or later as the limitations of our natural 
resources begin to be felt a more economical method 
will be developed. When, therefore,” to quote the 
words of Prof. Cotterill, “we warm our houses by the 
direct action of heat from combustible bodies, we waste 
by far the greater part of it by making no use of the 
high temperature at which the heat is generated, a 
small quantity of heat at high temperature being ideally 
capable of raising a large quantity to a moderate tem¬ 
perature.” 

“It is interesting, and may some day be useful,” 
says Prof. Ewing, “to recognize that even the most 
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economical of tlu; lu^ual uioUkkIs omployctl to heat 
buildings, with all tlunr advantages in respect of 
simplicity and absence! of mechanism, arc in the 
tlu'rmodynamic semsc! spendthrift modes of treating 
fU(!l.” 



CHAPTER. XTX. 

ENTROPY ANALYSIS IN TIIIO HOILIOR ROOM. 


The Steam-boiler. —boiler is, thi'rmiilly, tlu' h'ast, 
economical member in any steam plant installed for tlu' 
production of power. Tins hot first's passing ovc-r tlu> 
heating surfaces must b(‘. of considerably higluu- (eni- 
perature than the water in tlu; boiler, so as to insure 
a rapidity of heat transhu'ence comnu'nsura((i with 
reasonable dcvelopnumt of pow(‘r. Tlu' higher ther(‘- 
fore the boiler pressure, other things being (niual, tlu* 
greater the amount of lu'at (‘arrii>d olT in tlu; e.xhaust 
gases. Practice shows that t.lu! heat lost through the 
setting and up the slack varies roughly from twenty in-r 
cent to fifty per c('nt of the heat of combustion of the 
fuel. The mere statement, however, that, the boiler 
efficiency varicss from sixty per eimt to eighty per cent 
does not present the total vvast('fulness of tlu; boiler 
when the steam is to be ustsl in the jiroduetion of power 
and not for more luiating and industrial purposes. 

' Suppose, for example, that two boilers develop thermal 
efficiencies of seventy per cc'ut and sixty-live per cent 
while supplying steam at 100 lbs. absolute and ‘ifiO lbs. ai>- 
soluto, respectiwdy, to two condensing engines exhaust¬ 
ing at 1 lb. absolute back pnissure. The second boiler 
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is really tlu; more efficient thermally. The exhaust 
pressunj Is detenuiued by the effectiveness of the com- 
denscr and the vacuum pump.s and is beyond the con¬ 
trol of the boiku', and Ls thendon^ made equal in this 
illustration, but the pr('ssure during admission is deter¬ 
mined by th(' boik-r and tlu; effects of its variation must 
b(! charged to tlu* boiler alotu'. The temperature corre¬ 
sponding to the boik;r pri'ssure determines the inotivity 
or availability of tlu; heat absorbed in the boik;r. The 
temperatures corresponding to 250, 100 and 1 pounds 
are 401.1, 327.i) and 101.8 dt'grees Fahrenheit, so that 
the motivities in tlu; two caHi;.s cited above become 

327.0 -101.8 401.1-101^ 

327.0 ( 450.5 40i. 11 450.5’ 

or 28.7 per cent and 31.8 ptu- cemt. Ho that the net 
inotivity <d tlu; heat of combustion of the coal is .70 X 
28.7 and .05X34.8, or 20.1 and 22.0 ri'spectively. It 
is thus evident that the iKiik'r poss(‘,s,sing the greater 
“iMiik'r (‘flk’ieney’’ may really be tlu; k>sH {■ffi(;ie.nt when 
its effect upon the availability of tlu; heat is considered. 

Loss of Availability between the Fire and the Steam.— 
Besides the direct heat. lo.sHes of 30 and 35 per cent 
quotiul in tlu; above problem there is a further loss due 
to drop of tcmptu'ature of 40.0 and 42.4 p{;r (;ent respec¬ 
tively. That is, tlu; loss in ('fficiency due; to drop in 
teniptraturi; In'tweiai the hot gasi's in the furnace and 
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the steam in the boiler is roughty one and a half times 
that due to the direct heat losstw. 

The loss of availability of the boat in a boiler is 
clearly illustrated by the temperature entroi)y tliagram, 
as shown in Fig. 122. Let aide n'prt'wuit a certain 
quantity of heat Q which leav('.s tlu^ gas('.s of the fur¬ 
nace at tlu! tempcu’ature Tf, and l(‘t a'b'd'c rc'.pix'sent 


1 ^ 



/ 

a 



b' 




r 

iV 

e 

c 

f 

(1 

p 



- ■ . 



t'Ki. 122. 


this same (luantity of heat after it has (iitenal the 
water of the boiler at the Uunperature T,. Ah the 

r, 

tcniperatun; has decreased in the ratio y, • tlus entropy 

factor must have; inereawKl in the ratio nj' , so that if 

* 8 

the original entropy cd poK8(we.M lla* magnitude <l>, the 

Tv 

final entropy cd' must pos.seHH the (uitropy m Thus 
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while the entropy of the hot gases in the farnacc has 
(U'creaMod by the amount <j> '-9,--, the entropy of the 

rp ^ Q 

steam has itiereased by (lu! amomit ?,t™-■ j™, and 
there has fhendon' resultfsl a lU'i iner(ais(; in llu; (uitropy 


of tlu' sysh'tn of the amount 1^ 

If now Te r<‘present the tenipttraturt' of tin; eondensen- 
he., tlie culth’st t<*mperatur<; praetically attainable', tdio 
area (file repre.sents tlu* heat tlu'oretieally unavailable 
for work, whilt! the heat Q hs still eontained in tlu^ gases, 
while cf'd'r represents the h(*at no longt'r available aft,('r 
the heat (J has enten'd the steam. 'Phe inerease in non¬ 
availability or the lo.ss in inotivity, is thus ri'pn'.scmbul 
by the umi ff'd'd, aiul is ('((unl to tlu' ineu'asi^ in caitropy 
multiplied by the lowest of available temporature.s, or 



This inerease in non-availability is thus sei'n to Ix) ec^ual 
to the lu'at unavoidably lust under the original einuH- 

tions, 7V'‘/*, multiplied by a fa<*tor -I, which in- 

i « 

creases in value as 7\ ik'ereases, and only disappears 
when 7\ 7'y, i.e., when the heat i.s used at the tem¬ 
perature of the fire. 

Loss of Availability Due to the Liquid Line.—Due to 

the fact that two out of the four operations constituting 
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the Ilankine cycle occur iu the boiler a furtlu'r loss must 
be charged against it. Tlu; diiviation of tlu‘. Uankiue 
cycle from the Carnot cycle has already bei'ii diseussi'd 
upon pp.233-234,and was found to lie dm^ to (Iu; sIojk; 
of the liquid line as detm-iniiK'd liy tli<' magnitude of 
the specific heat of tlu' liquid used. 

The full motivity of the heat as ileterniiiH'd by th(' 
boiler pressure is not possilik' of altainnumt, as part of 
the heat absorlxKl by the watm- is nsadved at tmnper- 
aturcs less than that corn'sponding to tl'is pressure. 
This can bo remedied only by la-ating llu' h'cd wali'r 
to boiler temperatures before it enbu’s l.he boiler. 

The deviation between the Carnot and Rankim^ cycles 
for any given case can be nnidily obtained by eonipu- 

ting the motivity and comparing it with (h(> 

i a 

corresponding Rankine efficiency taken from the labki 
on p. 231. 

The I0.SSCS due to the boih'r may thi-refon' bc' sum¬ 
marized as 

(1) Heat lost through tlu^ si'tting and up tlu* slack. 

(2) Loss of availability diu^ to reduced lemperaturt'. 

(3) Loss of availability due to use of Rtmkini^ cycle 
in place of the Carnot (^ycle. 

The Regenerative Principle. In the discus.siou of i.so- 
diabatic cycles on pp. (i-lO it was sliown that the effici¬ 
ency of such cycles was (Sitial to that of the Carnot cycle, 
and it was pointed out that in place of an adiahuli(! 
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expansion there should be an extraction of heat by 
conduction during decrease in temperature exactly equal 
to the heat required during the rise-in-temperature op¬ 
eration. (See he and da, Fig. 3.) The application of 
this principle is further illustrated on pp. 158-160 in 
the discussion of the Stirling and Ericsson cycles for 
hot air engines. 

The application of this principle to the cycle of water 
in a power plant necessitates a modification of the 



Hankine cycki whcrel)y the; adiabatic expansion line v 
replaced by a curve whose contour is a duplicate of the 
walc'r lino. That means that as the steam expands an 
amount of heat must be transferred from it to the feed 
watc'i- just equal in amount to that required to heat the 
water at each temperature. Thus in Fig. 123 the isen« 
tropic- curve he' is replaced by the curve he possessing^ 
the same slope as the water line ad. 

If it were possible to extract heat from the steam in 
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this fashion during its expansion it would tlu'u Ik' pos¬ 
sible to realize theoretically at hnist llu\ inaximuin avail¬ 
ability of the heat in t.lu! boiler. 

A complete utilization of this jjrineiphi is not feasible 
with steam engines as eonstrueb'd, but in the eas(( of 
compound engines it is po.ssibIe to upproxiiiiati' it by 
taking sufficient steam from each rec-eiver t.(» warm the 



feed water uj) to tlu\ t('mperatur<‘ of tla* rtaudver steam. 
Thus for examphi itJ a triple expansion engint* (tperating 
with cold food wab'r, Fig. 121, Hut heat .-I can be taken 
from the fu«t receiver and ased to warm tla* feed water 
from h to a, and tlu; luait H can la; taken from tlu* 
second receiver and starve to warm the fin'd waU'r from 
C (the temperatun; of e.xhaust) to h, and finally the 
heat C can Ik; taken from the exhaust steam and u.sed 
to warm tlu' fi'ed water from d (the temperature in the 
supply piix'f to c. 
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Although this rcgc'iu'rativo priiuuplc as thus applied 
may swm startling, the (ii-st tiino it is considorcul a 
moment’s thought, will show t.hat one is already 
familiar with part of it. under diffeu-ent names. Thus 
the (luantity of heat C is savcal in all economical plants 
with a primary lu-atcu-, whil(> part of B at k'ast is sav('d 
by utilizing the (‘xhaust of th(‘ auxilliary engines which 
onlinarily disehargi^ at atmospheric pn^ssuro. Ami 
finally the taiuivalent of tlu^ n'st of B and part of A is 
obtained by saving some of tlu^ heat of the (ixhaust 
gases with an ecouomizt'r. 

The use of the (K'onomizer is n(»t truly a part of this 
regent>rative principh*, but is tht^ utilization of heat 
otherwise wasted, and this opens up the interesting 
(juestion as to wlu'ther it is better to use small heating 
surfae(! in tlui main lankT eombitUMl with a good eeon- 
omizt'r and no regcauu-ativi' action from tlu' hiUu-nu'- 
diate cylinders, or to make tlu* lu'ating surfae(i of tlu* 
boiler HO extimsive that nothing rmuaius for tlu! econo¬ 
mizer to do, combined with regenerative action at tla^ 
various internuHliate receivem.* 

The Primary Feed-water Heater.— -Ideally it would 
Ik' jK'rfectly feasible to return the. condensate, or an 
ecjual amount of new feed water to tlu; boiler at th<‘ 
t(!m|»erature of the exhaust steam; practically the tern- 
jierature is always e.onsid<*rably U'ss t,han this bec,aus<‘ 

^Kn^tuminy, 1HSI5, pp. 03, 07, HU. Foed-W'ator Hmtow, liy 
ProfeMor A. C. 
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of heat losses due to radiation from the feed pipe bcitwccn 
the heater and the boiler, or between the primary hcat(>r 
and any secondary device which may employcxl. 
The use of a primary heater is bas(xl uj)on tlu' impos¬ 
sibility or rather the practical unfcxasibility of reducing 
the temperature of the (exhaust st(‘am to that of tlu; 
cooling water. That is, the small incnxis(^ in power is 
offset by greater increased loss in the coiuhniser plant. 



In the case of engines using vapora otluT than stc^am 
where the pressure at exhaust is still above; at inosphtuh;, 
the gain in pow(;r from tlu; low(;ring of tlu; back pres¬ 
sure line justifies the maintx'iuuu-c; of a low(;r tt;ni[H'r- 
ature in the exhaust cond(;nsi‘r, so that tlu; (iu(;stion 
of a primary feed-fluid hc;at{;r is (;UminaU‘(l both from 
the thermal as well as tlu; practical point of vi(‘w. 
(See temperatures quoted on pp. 255-257 for the SO 2 
and .(Ethylaminc ongin(;s. 
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TIk^ savins crnclited to the primary luait.er is 

the (U'creas(‘ in Uu' amount of heat absorlxal by the 
water in tlus boilm- oeeasiomal l)y its us('. Thus if the 
heater raises tin; temiHU-ature from If to th (Fis- 12r>) 
the (h'crease in tlu^ amount of lu'at absorlKal in the; boihw 
per pound of st('am is 

<lh . <If, 

vvhili^ the; total heat absorbed peu’ itound without the. 
heater is 

qb-qr I m, 

and therefore the effieiemey of the lu'ater is eciual to 

qu - qf 1 .vrt>' 

Th(^ denominator of this expression, assumins the steam 
to be dry and t!u‘ eolil feed water to be at an a\'(‘ras(* 
tem|K*ratur(‘ of 7(P F., fluetuatifs in vahu' from lldO 
U.T.lt. per 11). at 40 lbs. h) llOfi H.T.U. per lb. at 
.‘130 lb.s. sagi*, or undergoes a variation of less than four 
per (‘(‘Ut for a tejiipemture range of 140° F. Betw(‘en 
100 lbs, gag(* and l.5t) lbs. gage the variation is from 
1147 to 1 bF) H.T.U. per lb., or less than one per cent. 
For rough caleulalions the avt'rage valu(' of the de¬ 
nominator may b(* assumed as IKK) H.T.U. jmr lb. 

The value of tlu' numerator .shows the elTectiveness 
of the fi-ed water heater, and it is (‘viihmt that the 
eOieieney is directly proportional to the increase in the 
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temperature of the feed water and equals approximately 

^1160^ ' average 11.()° F. inenuiso in the 

temperature of the feed water, conesponds to one per 
cent saving in coal, and an increase of 100° F. t;orro- 
sponds to a saving of about nine pe.r cent in coal. 

This thermal saving is but one of many eeonomi(‘s 
instituted by a feed-water h(^at('r. Tlu'. lunithig of thii 
feed water serves to prciciiiitak^ many of tlu^ impurit.i(‘s 
in the boiler feed in th(i luiattu-s, wluuuu'. tluy may Ixi 
easily removed, instead of in tlu^ lc>ss (uisily acc('ssiblc 
boiler. This results in less inqjairment of tlu; eonduc;- 
tivity of the lujating surfacu; and elhuils a saving in find 
varying, according to the manufaeturm-s, anywhoro 
from fifteen per cent to fifty per c.(uit with hard fcanl 
waters, while the average saving with soft watiu-s ih 
about ten per cent. 

A further saving is obtained from the (li'.ereiused chiH- 
ing of the boiler from the introihietiou of cold watei*, 
thus diminishing the internal stresses due to ti'mjHii*- 
ature changes, reducing the repair bills upon the Ixiilor, 
and prolonging its life. 

The Secondary Feed-water Heater. —I'he primary 
heater operating with exhaust steam at one, two or 
three pounds pressure can raise the temperature of tho 
feed water only to 102°, 12()°, or 142° F. With con¬ 
densing en^ncs there is a steam consumption Iry the 
auxiliaries of about tim per cent that of the main 
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engine which i« nsiuilly ('xhanstxicl to the atmosphere 
at 212° F., or slight,ly in c^xix'ss (»f this temperature. 
It is c.ustomary to ut,ilize. jiart of the waste heat in 
this exhaust to raises tlie U'uipc'raturc^ of the feed coming 
from tile i)rimary heaUn- (o as luuir 212° F. as possible. 

Thus in tlu^ easc^ of thnx; pounds back pnissurc; it is 
l)Ossibl(i to heat tlu^ hx'd watcu- from 142° F. to 212° F. 
or through 70° l'\ On tlu^ assumption of ten per cent 
consumption by the auxiliaric;s, 11 pounds of feed waha- 
must be heated for ('aeh pound used by the au.xiliari(‘s, 
i.e., 770 H.T.U. would necsl to be. supplied by the secon¬ 
dary heatt'r. Fach pound of st(iam at 212° K. poss(isses 
a heat of cond('nsation ('([ual to ()70n.T.lh,so that,assum¬ 
ing the exhaust from tin; auxiliaries to be fifteen |)er 
cent cond(ins(!d, this h'avi'S 970x.85 823 B.T.IT. avail¬ 
able for luxating, which is mort' t.han ample. In c-ase 
thci main c.ngiiu! ('xhausts at lowca- pressun; a grciatcir 
h(;at (kanand is mad(^ upon tlu! scaiondary luiatc^r, but 
this a<ljuHts itsc'.lf automatically to a (amsidcaable (ixtend, 
by tlui inc.n'ased stcaun consumption of tlu> auxiliaries. 

The total saving due, to primary and secotidary 
heaters (‘xpuisscal in per cent (»f tlu; Imat Kajuired by 
the steam without such heatca-s is given by 


<l2ii-qi 
(Jb - HI I XTb’ 

which, ui>on the assumption of 70° F. as the average 
tomporatu.m of the supply water, reduces to 
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1160 

or 12.2 per cent at ordinary boiler pressures. 

Saving Effected by an Economizer.—Advantage may 
be taken of the unavoidable loss of heat up the stack 
to offset, at least partially, the loss caused by cold feed 
water. Although the hot gases cannot be cooled below 
the temperature of the boiler and must in fact be con¬ 
siderably hotter than the steam to insure rapid flow of 
heat, they are still hot enough to impart considerable 
heat to the colder feed water. This is accomplished by 
passing the feed water on its way to the boiler through 
suitable piping installed in the path of the hot gases. 

Such an economizer will not deliver the water to the 
boiler at boiler temperature, but will succeed in raising 
it far above the temperatures obtained in primary and 
secondary heaters. For example, tests on Green econ¬ 
omizers show an increase in the feed temperature of 
about 120° F., whether the water enters the economizer 
at 40° F. or 200° F. making but little difference. The 
gases leaving the economizer possessed temperatures 
varying from 254° F. to 293° F. 

Any such increase in temperature above that of the 
secondary heater represents a direct saving of heat 
which would otherwise be wasted. It might seem pos¬ 
sible at first sight to bring the feed water up to the 
boiler temperature, but this is impracticable as a cer¬ 
tain temperature of the exhaust gases is required to 
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produce the necessary draft in the chimney. If cooled 
beyond this point it becomes necessary to install a 
forced draft and then its steam cost must be charged 
against the saving produced by the economizer. 

In many installations economizers are installed in 
place of secondary and sometimes even in place of 
primary heatere, and in such case they obtain credit 
for savings due to otlun- dtivices, but apparently they 
produce about the same' increase in temperature re¬ 
gardless of the initial tenijau-aturo of the water. 
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TABLE OF PROPERTIES. 


PROPERTIES OF SATURATED STEAM FROM 400’ F. TO 
THE CRITICAL TEMPERATURE.* 


Temper¬ 

ature, 

Degrees 

Fahren¬ 

heit. 

t 

Absolute 
Pressure 
in Lbs. 
per 

Sq. In. 

V 

Increase 

in 

Specific 

V olurne 
Due to 
Vapori¬ 
zation in 
Cu. Ft. 

S — G 

Heat of 
the 

Liquid 

in 

B.T.U. 
per Lb. 

0. 

Latent 
Heat in 
B.T.U. 
per Lb. 

r 

Total 

Heat. 

Q+r 

Entropy 

of 

Water 
above 
32° F. 

<pw~0 

Entropy 

of 

Vapor¬ 

ization. 

420 

308.7 

1.495 

390.1 

818.9 

1209.0 

.5912 

.9254 

430 

343.6 

1.347 

405.6 

805.4 

1211 0 

.6031 

.9055 

440 

381 .5 

1.215 

416.1 

796.2 

1212.3 

.6148 

.8853 

450 

422.4 

1.099 

426.7 

786.5 

1213.2 

.6266 

.8648 

460 

466.2 

.9953 

437.3 

777.4 

1214.7 

.6381 

.8455 

470 

513.5 

.9024 

447.9 

765.2 

1213.1 

.6495 

.8233 

480 

564.4 

.8194 

458.5 

753.5 

1212.0 

.6610 

.8021 

490 

619.5 

.7436 

469.2 

741.3 

1210.5 

.6723 

.7808 

500 

678.5 

.6752 

479.9 

728.2 

1208.1 

1 .6835 

.7590 

510 

741.7 

.6134 

490.6 

714.4 

1205.0 

.6946 

.7369 

520 

808.5 

.5565 

501.4 

699.8 

1201.2 

.7058 

.7145 

530 

889.1 

.5050 

512.1 

684.4 

1196.5 

.7166 

.6917 

540 

956.1 

.4585 

523.0 

668.1 

1191.1 

.7275 

.6685 

550 

1036. 

.4174 

533.8 

650.8 

1184.6 

.7383 

.6448 

560 

1122. 

.3798 

544.7 

632.4 

1177.1 

.7490 

.6204 

570 

1212. 

.3457 

555.6 

612.9 

1168.5 

.7597 

.5955 

580 

1308. 

.3131 

566.5 

592.2 

1158.7 

.7702 

.5698 

590 

1409. 

.2828 

577.5 

570.0 

1147.5 

.7807 

.5432 

600 

1516. 

.2547 

588.5 

546.3 

1134.8 

.7912 

.5157 

610 

1628. 

.2283 

599.6 

520.8 

1120.4 

.8015 

.4871 

620 

1745. 

.2037 

610.6 

493.2 

1103.8 

.8118 

.4569 

630 

1867. 

.1809 

621.7 

463.2 

1084.9 

.8221 

.4252 

640 

2000. 

.1610 

632.9 

430.3 

1063.2 

..8322 

.3914 

650 

2137. 

,1416 

641.0 

396.7 

1037.7 

.8422 

.3549 

660 

2281. 

.1217 

655.2 

352.2 

1007.4 

.8527 

.3146 

670 

2431. 

.1031 

666.5 

304.1 

970.6 

.8634 

.2693 

680 

2586. 

.0800 

677.8 

245.2 

923.0 

.8723 

.2152 

690 

2748. 

.0464 

689.1 

164.3 

853.4 

.8825 

.1429 

698 

2882. 

0 


0 



0 


* See Engineering (London), Jan. 4,1907. 






HYPERBOLIC OR NAPERIAN I/iaAlHTIIMS. 


Thk lop; of a number is tlui ('xpoiuait of the power 
to which it is lua-essary t,o raises a fixcsl number, called 
the base, to products tlui given numlKu-. In the com¬ 
mon logs tlu; bas(^ is 10 and in the Nap<u-iau logs the 
base, c, is 2.71.S2S . . . d'lu! mathematical ndations 
b{>twe('n thes(' two systems and any third an^ given 
by the equations, 

where a is any number and b is the third base. 

Whence 

loft, a log„ 10-I<jgu)« ■2.302() logto a 

and 

logio a »k>gio c-logfi rt log, a 

and 


In general, th(» log of a number in any system (spuils 
eith(T the nsupnical of tlu! Naptu-ian log of the base 
of that system times the NajH'rian log of the number, 
or (sjualH the niciproeal of the common log of the 
bsise of that systtsm times the common log of the 
numbtir. 

In tuny system tlu^ bas(‘ of which is greater than 
1, the log^ of all numlnws greater than I are positive 

and the logs of all numlxsm loss than 1 are negative. 
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NAI’IORIAN’ LOGARITIIMH—( 'ontinucd. 



0 

1 

2 

3 

4 
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5.7 

1.7405 

1.7422 

1.7440 

1.7457 

1.7475 

1.7492 

1.7509 

1.7527 

1.7544 

1.7561 

5.8 

1.7570 

1.7590 

1.7013 

1.7030 

1.7047 

1.7664 

1.7681 

1.7699 

1.7716 

1.77,13 

5.<> 

1.7750 

1.7700 

L77H;i 

1.7800 

1.7817 

1.7834 

1.7851 
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1.7884 
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6.0 
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1.8066 

6.1 
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1.8294 
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6.3 
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6.4 
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6.5 
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1.H749 
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1.8795 
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6.6 
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1,9006 

6.7 
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1 9030 

l,90«5l 

1.9000 

1.9081 
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1.9140 
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6.8 

1.9109 

1 9184 

1 9199 

1.9213 

1.9228 
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1,9272 

1.9286 

1 . 9:101 

6.9 

l.WO 

1.9330 

1.9344 

1.9359 

1.9373 

1.9387 

1.9402 

1.9416 

1 . 94:10 

1.9445 

7.0 

1.9459 

1.9173 

1J488 

1.9502 

1.9510 

1 . 95:10 

1,0544 

1.9559 

1.9573 

1.9587 

7.1 

1.9001 

1.9015 

1.9029 

1.9043 

1.9057 

1.9071 

1.96H5 

1.9699 

1.9713 

1.9727 

7.2 

1.9741 

1,9755 

1 9709 

I 9782 
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1.9865 

7.3 

1.9879 

1.9892 

1.9900 

1.9920 

1 . 99 . 1:1 

1.9947 

1.9961 

1.9974 

L99H8 

2.0001 

7.4 

2 (Kllfi 

2 (W2H 

2 (8)42 

2 CK)55 

2.0009 

2,0082 

2.0096 

2.0109 

2,0122 

2.0i:i6 

7.5 

‘i (1149 

2 0102 

2 0170 
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7.6 
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2 0386 
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7.7 

2 MV2 

a 0425 
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2 0404 
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7.8 
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2 0554 
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2.0605 
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7.9 

2.0008 
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2.0744 
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2.0769 
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8.0 
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2 0807 
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2 0857 

2.0H69 
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2 0894 
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«J 
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2 0980 
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8J 
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Wiley Special Subject Catalogues 

For convenience a list of the Wiley Special Subject 
Cataloirues. envelope srze, has been printed. I'hese 
are arranged in groups—each catalogue having a key 
symbol. (Sec special Subject List Below). To 
obtain any of these catalogues, send a postal using 
the key symbols of the Catalogues desired. 


1—Agriculture. Animal Husbandly. Dairying. Industrial 
Canning and Preserving. 

2“~Architecture- Building. Masonry. 

3““Buslness Administration and Management. Law. 

Industrial Processes; Canning ainl Preserving; Oil and Gas 
Production; I^aint; Printing; Sugar Manufacture; Textile. 

CHEMISTRY 

4a Ch ‘neral; Analytical, Oualitativc ainl Quantitative; Inorganic; 
Organic. 

4b Ele ctro- and Pljysical; I'ood and Water; Industrial; Medical 
and Iliariuuceutical; Sugar. 

CIVIL ENGINEERING 
5a Hndassified and Structural Engineering, 

5b Materials and Mechanics of C'onstruction, including; Cement 
and Concrete; Excavation and Earthwork; Foundations; 
IVlascmry. 

5c Railroads; Surveying, 

5d Dams; Hydraulic Engineering; Pumping and Hydraulic; Irri¬ 
gation Engineering; River and Harbor Engineering; Water 
Supply. 
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CIVIL ENGINEERING-~Co^/wM5i 
/ 5e Highways; Municipal Engineering; Sanitary Engineering; 

Water Supply. Forestry. Horticulture, Botany and 
Landscape Gardening. 

4— ^Design. Decoration. Drawing: General; Descriptive 
Geometry; Kinematics; Mechanical. 

ELECTRICAL ENGINEERING—PHYSICS 
7—General and Unclassified; Batteries; Central Station Practice; 
Distribution and Transmission; Dynamo-Electro Machinery; 
Electro-Chemistry and Metallurgy; Measuring Instruments 
and Miscellaneous Apparatus. 

5— ^Astronomy. Meteorology. Explosives. Marine and 
Naval Engineering. Military. Miscellaneous Books. 

MATHEMATICS 

9—General; Algebra; Analytic and Plane Geometry; Calculus; 
Trigonometry; Vector Analysis. 

MECHANICAL ENGINEERING 

10a General and Unclassified; Foundry Practice; Shop Practice. 
10b Gas Power and Internal Combustion Engines; Heating and 
Ventilation; Refrigeration. 

10c Machine Design and Mechanism; Power Transmission; Steam 
Power and Power Plants; Thermodynamics and Heat Power. 

11— ^Mechanics. -- 

12— ^Medicine. Pharmacy. Medical and Pharmaceutical Chem¬ 
istry. Sanitary Science and Engineering. Bacteriology and 
Biology. 

MINING ENGINEERING 

13— %neral; Assaying; Excavation, Earthwork, Tunneling, Etc.; 
Explosives; Geology; Metallurgy; Mineralogy; Prospecting; 
Ventilation. 






